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RADIOCHEMICAL INVESTIGATION OF SPALLATION AND FISSION REACTION 
PRODUCTS RESULTING FROM THE BOMBARDMENT OF BISMUTH 
WITH 660-Mev PROTONS 


A. N. Murin, B. K. Preobrazhensky and N. E. Titov 


INTRODUCTION 


A fairly detailed study has now been made of spallation reactions occurring as a result of the bombardment 
of light and medium-weight nuclei (e.g., Al [1], Fe [2]. Cu [3, 4], As [5], Sb (6), Cs [7]. Co L8). etc.) with high- 

speed particles. In all of these cases fission does not cccur — at least not to a significant extent. When heavy ele- 

ments are bombarded with high-speed particles, not only spallation reactions, but also fission reactions occur. The 
nature of these fission processes has been studied faidy thoroughly in an investigation [9] on the bombardment of 
bismuth with 190-Mev deuterons, but the products of the spallation reactions were not isolated. Spallation reactions 
(and also fission reactions) with 480-Mev protons were studied by us in collaboration with Nikitin [10], and also 
later by Bennett (11): in the latter investigation only a few of the reaction products were studied and the absolute 
yields were not determined. In work on the bombardment of uranium with 380-Mev a -particles [12], not only fis- 
sion products, but also some spallation products were isolated, but again the latter were not studied in detail. 


In the present work we have investigated spailation and fission reactions occurring when bismuth is bombarded 
with 660-Mev protons, and we have discovered some of the laws governing the process. We have estimated the ra- 
tio of the reaction cros:<ections for fission and for spallation, and we have also made comparisons with results ob- 
tained for the bombardment of bismuth with protons of lower energy (480 Mev) and with results obtained by Perfilov 
and Ostroumov’s method of thick-layer plates [13]. All these considerations enable us .to form a fairly complete 
picture of the process that is occurring and to reach interesting conclusions. 


EXPERIMENTAL 


Chemical Separation of Reaction Products 


The target was either a plate of pure bismuth, 3-6 mm in thickness, or pure bismuth oxide powder wrapped 
in aluminum foil. After t:e bombardment the target was brought into solution, and small amounts (10-20 mg) of 


inert caniers for elements to be isolated were added to the solution. Isolation of therradioactive elements with 
their carriers was then carried out. 


We outline below the procedures employed for the isolation of radioactive fractions of individual elements 
in a radiochemically pure form. Nearly all of the operations indicated were repeated many times. 


Fe. Extraction with ether from 6 N HCl; separation of Tll and sulfides insoluble in acid; precipitation of \ 
Fe(OH), with excess of ammonia. : 


Cu. Separation of hydroxides insoluble in ammonia (together with iron), separation of AgCl; precipitation 
of CuCNS from acid solution after reduction with SO,. 


St. Separation of sulfides insoluble in acid, and also Fe(OH) : separation of Ca with a mixture of alcohol and 
ether from the dry nitrates: separation of BaCrOQ,; precipitation of SrCOy and SrSQ,. 


Mo. Extraction with ether from 6 N KC] after oxidation; seein of Fe(OH), with ammonia; precipita- 
tion with a -benzoinoxime from 3 N HNOg, and then as MoS,. 


_ammoniacal medium, precipitation of AgCl 


Ag. Precipitation of AgCl, dissolution in ammonia and separation of Fe(OH),: precipitation of Ag,S in an 


8a__ Separation of sulfides insoluble in acid, and Fe(OH), with ammonia; precipitation of BaCOy, BaCrO,. 


Ce_ Precipitation as CeF,: precipitation as Ce(IOs), after oxidation with KBrO,; separation of Zr(10,), after 
reduction with hydrogen peroxide; precipitation of Ce(OH)s and Ce(C,0,)s. 


W Precipitation of tungstic acid, dissblution in ammonia, and separation of Fe(OH),; separation of Ag,S in 
ammoniacal medium: separation of MoSy in presence of tartaric acid; precipitation of tungstic acid. 


Os Distillation as OsO, from 2 N HNOs; precipitation as sulfide. 


fr. Pt_ Precipitation of chloroplatinate and chloroiridate by salting out with NH,Cl after oxidation with 
aqua regia. egia. repeated dissolution and salting out in a nonoxidative medium (to avoid precipitation of a boiling 
with aqua regia to remove Os and Ru completely; separation of lr by hydrolysis (boiling with BaCO,); fractional 
precipitation of tr and Pt as metals by means of formic acid. 


Au_ Extraction from 1.5 N HCI; precipitation with ammonia; precipitation of gold with hydroquinone; 
reprecipitation with SO, 


Hg. Precipitation of HgS. washing with ammonium polysulfide; separation of other we: IV sulfides by dis- 
solution in hot 2 N HNO,; distillation of mercury at red heat; precipitation of HgS. 


Ti Extraction of TIC!, from6 N HCI with ether after oxidation of TI’ to TI***, precipitation with excess 
of ammonia; separation of gold with hydroquinone; precipitation of Tl) after reduction with SO). 


Pb. Precipitation of PbS; precipitation of PbSO,, dissolution in ammonium acetate, and precipitation of 
PbdCrO,. 


Bi. Precipitation of Bi,Ss. boazemy with ammanium polysulfide. Separation of AgCl; separation of PbSQ,, 
precipitation of BiOC1. 


Po. Karraker and Templeton’s method of purifying Po [14] was adopted. Experiments showed that in the 
present case no other comparatively long-lived a-emitters, apart from Pe were formed in appreciable amount. 
For this reason. Po preparations obtained from the original solution by separation on silver foil or simply by eva- 
poration of a known fraction of the solution showed the same a -activity as purified preparations. 


Counting Procedure and Determination of Yields 


The preparations prepared for measurement consisted of precipitates, about 10-15 mg in weight, filtered off 
on flat round filters. 2 cm in diameter, placed on standard aluminum dishes having low sloping sides and perforated 
bottoms. The dishes were prepared from aluminum foil, 0.5 mm in thickness. The activities of the preparations 


isolated were measured by suttable counting devices, operated for the secewary periods of time, and yields were 
calculated from the results obtained. 


in order to convert relative yields into the absolute cross section for the formation of the given isotope, 
ronitor aluminum foils were bombarded simultaneously with the target, and in these Na™ was formed by the 
reaction Al’’ (p: Sp. n). The cross section for this reaction was taken to be 11 millibarns. The isotope Sr™ was 


generally taken as the standard for comparison (it was isolated in every bombardment), and the cross section for 
its formation was determined from the yield of Na“ from Al. 


Measurements on isotopes that undergo 8 -decay (mainly fission products — apart from the heaviest fragments, 


thet undergo K-capture and emit positrons) were carried out with a standard end-on counter having a thin mica 


window. 


When ccessary, the identification of the isotopes was confirmed by determining the energy of the 8 -radia- 
tion by the absorption method or with a rough 8 -spectrometer. Measurements of a -activity were made with the 
aid of an ionization chamber connected to a linear amplifier. 


The most difficult problem was the determination of the yields of isotopes undergoing electron capture with zub- 
s2quentemi-cionof Xtays and y quanta. Suchasotopesform most of the spallation products of the reaction studied. 
In this case, whatever the method of measurement may be, for the exact determination of the yield it is necessary 
to know the precise way in which the given isotope disintegrates and to have data concerning the energy and num- 
ber of y quanta per act of disintegration and the corresponding conversion coefficients, and also concerning the 


| 


First, we used a standard end-on counter provided with beryllium, aluminum, and lead filters. Second, we 
used a B-1 cylindrical counter (diameter 10 mm, thickness of aluminum wall 0.1 mm) having an aluminum jacket 
3 mm in thickness, Electrons and soft X-rays (Ly, Mx, etc.) were absorbed in this jacket, and only K-rays and y - 
quanta were counted in the counter. For this counter we determined the caintingefficiency —Which included also 
the geometric factor —for the y -radiation of a Co™ preparation (mean energy of y -quanta 1.25 Mev) having a 
known number of disintegrations per second, The relative efficiencies of the counter for y -quanta of other ener- 
gies were determined from the curve given in the paper [15] for the dependence of efficiency on energy for a coun- 


ter with an optimum aluminum cathode. All preparations were measured with these two counting devices, and in 
the majority of cases the results were in satisfactory agreement. 


The errors in our calculated values for the production cross sections for the various reaction products are made 
up of individual errors in the determination of individual factors; some of these are small, but others may be con- 
siderable and, moreover, difficult to calculate. However, the agreement found between the values of yields de- 
termined by different methods shows that the precautions taken were probably adequate, — large errors to 


be avoided. 
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Fig. 1. Dependence of the yields (in millibarns) of fission 


and spallation products on the mass numbers of the nuclei 
formed. 


yields. Items in the table that are enclosed in rectangles refer to isotopes whose nuclei are “screened” by stable 
isobars and are. therefore, obtained in independent yield, so that the yield does not refer to all products of the 
given mass number. In Fig. 1, points representing these yields are marked by black squares. 


The main conclusion that can be derived directly from the experimental results is that the ratio of the cross 
sections of Bi for fission and spallation reactions is 7% for 660-Mev protons; in accordance with data that we have 


checked it is 5% for 480-Mev protons. 


* The existence of the isotope Pc ™ 


ratio of K- to L-capture; it is, moreover, necessary to take account of fluorescence yield and the presence of Auger 
electrons and of various X-radiation attributable to them. In such a case it is expedient to use various filters in 

order to isolate the desired form of radiation, for which the intensity (per disintegration event) and counting effi- 
ciency in the counting device employed are known. We used two methods of measurement, which could be checked 


against each other. Counting efficiencies for quanta of electromagnetic radiation varying in hardness have been 
determined by other authors for the two counting devices that we used [14, 15}. 


DISCUSSION OF RESULTS 


The reaction products isolated and their measured formation cross sections are given in the ta 
Fig. 1. With rare exceptions the fission and spallation products formed were found to be radioactive 


» Which we discovered in earlier work, has recently been confirmed [17]. 
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verted by a definite chain of disintegrati 
stable nuclides. It was, therefore, conside: 
be most expedient to isolate the last memo: 
the active chains, which are generally compa } 
ly long-lived (formed usually froin isobars of cA* 
derably shorter life) and which pass finally into\ - 
stable nuclei. The yields of these last members A 
the chains generally include almost the whole of th. 
yield of all isotopes with the given mass number, 


However, we must also take into account the 
possibility that the last member of the chain may 
have a comparatively short half-life and may exist 
at the moment of its isolation as a result of its for- 
mation from a predecessor of longer life, e.g.: 


188 
T = 42 hours (aabley 


In such cases repeated separations of daughter 
and mother elements were: made at different times 
after the end of bombardment, and this permitted, 
in particular, the determination of their independent 
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TABLE 1 


_ Summary Table of the Measured Cross Sections for the Products 


Isotope Omb 660 Mev (660) mean (480) (cylind- (660)/0(480) 
, end-on _ cylindrical (weighted) rical counter cylindrical 
' counter counter counter 
Po 208 - 3.3 (a) 3.3 3.1 - 
Po 206 - 3.0 (a) 3.0 2.6 - 
Bie | 61 15 1 0.85 
13 78 11 0.9 
Pb 203 132 90 10 100 0.3 
202} [20] Lis] 12.3 
Ti 21 120 140 125 129 
140 13 


. 6.4 
Cu 67 0.86 = 


0.36 


Before fission occurs, 15-16 nucleons leave the nucleus. These are mainly neutrons (usually not more than 
one or two protons, this being confirmed also by experiments on thick-layer plates) [12, 16]. 


This behavior confirms the emission character of the fission of bismuth by high-speed particles. In our 
case it appears that Po, Bi, Pb and Tl nuclei, which are highly neutron-deficient, undergo fission preferentially. 


The fission fragments are characterized by a neutron-proton ratio of about 1.35, which is in accord with 


the results of other authors [9]. Fission by rapid particles is, therefore, not accompanied by redistribution of charges 
in the fragments formed. 


It was found that in the spallation of the bismuth nucleus by 660-Mev protons, on the average 2 protons and 
§ neutrons are ejected. When the interpolated yields of nonisolated products are taken into account, approximately 
the same values are obtained. We must point out that this number of protons may be too high, and the number of 
neutrons correspondingly too low (apparently not more than by unity), owing to the fact that we separated not only 
the immediate reaction products, but also their daughter products. Unlike the spallation products of light and med- 
ium-weight nuclei. those obtained from bismuth were mainly neutron-deficient (compared with stable nuclei). 


The formation of stable nuclei is found to be very unlikely (this view is supported also by the low yields of 
screened isotopes). However, in those cases in which an element has many stable isotopes and the stability region 
extends to fairly light isotopes of this element (as in the case of Hg and Pr), these light stable isotopes may be ob- 
tained directly to an appreciable extent. For certain mass numbers, therefore, it was not possible to determine the 
yield experimentally. although it could be estimated approximately by interpolation on the curve for the yields. 


Fig. 2 shows that the yields of nuclei far-removed from the target nucleus with respect to A and Z increase 
with increase in the energy of the bombarding particles. At the same time, however, there is also a relative in- 
crease in the yields of “screened” nuclei (see table), i.e., nuclei corresponding to enhanced reduction in the charge 
of the target nucleus (greater AZ) for a given fall in the mass number (AA). 


Hg 197 82 86 1.0 
Au__195 22 28 11 
[2] 
= 47 = = 
21 - - 
O 18 | 158 14 15 - 
1.8 2.5 0.78 2.3 
Ce 1% - 0.42 0.42 0.11 3.8 
0.3 0.3 0.2 1.5 
- 37 3.1 1.2 
Mo 99 5.4 4.4 1.23 
= 
0.86 - - 
Fe 59 ~ 0.15 2.4 
520 


It must be remembered that the formation of a given nucleus is determined by the total numbers of protons 
and neutrons knocked out and evaporated in the spallation reaction.° Thus, 


AZ = Pyt Pe 
4 (A~Z)= ny + Ne 


(p is the number of protons, n the number of neutrons, and k and e indicated “knocked out” and “evaporated”, res- 
pectively). For a given value of AA the mean value of SZ will be the greater, the greater the ratio of the number 
of particles knocked out to the number evaporated, since the ratio py/ny is, in general, greater than Pe/Ne (neut- 
rons always predominate greatly in the evaporation component). Hence, as the energy of the particles increases, 
AZ (for given AA) increases, and the curve for the distribution of the yields of products having given values of A 

is displaced in the direction of products less deficient in neutrons. 
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Fig. 2. Ratio of cross sections for 660-Mev and 480-Mev 
protons in the formation of various products by the bom- 
bardment of bismuth nuclei. 


The fission of nuclei formed from bismuth nuclei 
as a result of spallation has an emission character (9k 
in other words, the neutron breadth I’y is greater than 
the fission breadth I's for nuclei having an excitation 
energy of u > 10 Mev. 


Hence, the character of the fission process (and, 
therefore, also the yield distribution curve for the pro- 
ducts) for a nucleus having given values of Z and 
A~Z aves not depend on the energy of the bombard- 


- ing particle (all highly excited states are “removed” 


by prior evaporation of nucleons). With increase in 
the energy of the bombarding particle, the relative 
number of light nuclei undergoing fission increases 
and the fission yield curve (see Fig. 2) becomes broader 
and is displaced to lower values of A and Z. However, 
as can be seen from Curve 1 in Fig. 2, with increase 
in the energy of the bombarding particles there is an 
increase also in the relative yield of heavy fission pro- 
ducts; this can be explained either by the asymmetric 
character of the fission of neutron-deficient nuclei, or 
less probably, by a supplementary yield of heavy frag- 
ments resulting from the “intrusion” of spallation pro- 
ducts into the region of fission products. The forma- 
tion of these isotopes as a result of the ejection and 


evaporation of single protons and neutrons is practically impossible. As can be shown from simple energy considera- 
tions, it can occur only as the result of the evaporation of a large number of a-particles [e.g., a reaction of the 


form (p' 


19: 24M) Ce!) i e., when there is a very considerable, and therefore very unlikely, departure of the 


number of a-particles from the mean. It is possible also that this isotope may be formed as a result of the ejection of 


problem must await further experiments. 


enges fragments, which is to a certain extent a variant of the phenomenon of asymmetrical fission. A final solution of the 


The spallation products that we observed were formed as the result of a nuclear cascade process which leads 
to the ejection of several nucleons from the bismuth nucleus (and, if proton capture occurred, from a polonium 
nucleus) with subsequent emission of further nucleons by evaporation from the excited nucleus. For a given ex- 
citation energy u of the nucleus, the total number of evaporated nucleons can be calculated by an application of 


the simplest variant of the theory with the aid of the equations: 


du 


the general sense + these discussions. 


du T'pl€ p+ 2T + Vp)+ Tp (€n+ 2T)+ Ta (€q + 2T+ Vy) 
dA pt nt 4 a 


* The evaporation of a-particles (which we shall take into account in our further considerations) does not affect 
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(A is the number of nucleons in the nucleus; T is the temperature of the nucleus (u * 0.1 AT*); € , is the binding 
energy of the particles in the nucleus (€ p= €, © 8 Mev: €q = —3 Mev); Vq is the coulomb barrier, V,, being the 
barrier for protons; Pp, Tp. and Ig are the respective breadths, proportional to the probabilities for the escape of 
the particles from the excited nucleus). The ratio Ty /T'p was taken as 0.5 (data from the paper (5)). 


Fig. 3. Dependence of the loss of charge AZ by the tar- _—‘ Fig. 4. Dependence of the excitation energy of the 
get nucleus Bij,’ on the number (AA) of nucleons knocked nucleus u on the number of nucleons evaporated (AA): 
out and evaporated: 1) Vp= 5 Mev. Vq = 10 Mev; 2)Vp= 1) Vp= 8 Mev, Vq = 17.5 Mev; 2) Vp = 5 Mev, Vg= 
= 8 Mev, Vq = 17.5 Mev. . = 10 Mev. 


It is difficult to estimate the height of the effective barrier (Vp or Va); for strongly excited nuclei it Is con- 
siderably less than for the nucleus in the ground state [5]. For comparison purposes we made the calculations for 


two values of each parameter: Vp= 8 Mev, Vq = 17.5 Mev and Vp= 5 Mev, Vq = 10 Mev (the second case is un- 
likely to represent actual conditions). 


Fig. 3 preseats our calculated curves for the dependence of the loss of charge SZ (AZ = 83-—Z of the nucleus 
formed) on the change in mass number (AA = 209—A of the nucleus formed). It is clear that AA is simply the 
total number of nucleons evaporated. The nuclei that we observed (more accurately, the corresponding experimen- 
tal points) are represeated by circles, against which the symbols of the corresponding isotopes are placed. 


An examination of the curves in Fig. 4 shows that the value of u (and still more dA/du, see below), expressed 
as a function of AA, is not greatly dependent on which variant is chosen for the values of Vp and Vq- 


If we assume that in all cases the Bi nucleus lost five nucleons as a result of the nuclear cascade process be- 
fore the evaporation process began,* then it is possible to construct — to a very rough approximation, of course —a 
curve for the distribution of the probability of excitation of the nucleus to a given energy ul W’"(u) is approximately 


equal to dotoral/du, in which o¢ozq] is the total cross section for the nonelastic interaction of a proton with a bis- 
muth nucleus)., It should be noted that 


W (u) dA=W = W’ (u) du. 


* For 700-Mev protons and a bombarded nucleus having a mass number of about 100, the number of nucleons 
knocked out (excluding the bombarding proton) is approximately 3 [18]. The number of nucleons knocked out in- 
creases comparatively slowly with increase in A. If we assume that it is proportional to AYs, we obtain for a Bi 
nucleus bombarded with such protons the value of 5-6 ejected nucleons. 
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In these equations W(u) is the density of the pro- 
bability, calculated per unit interval of mass number; 
W"(u) is the probability per unit interval of excitation 
energy. The values of W'(u) are found by comparison of 
the yield curves in Fig. 1 and the lower curve in Fig. 4. 
The last curve can also yield the corresponding values 
of the derivative dA/du. 


The results of such transformations are shown in 
Fig. 5. The mean excitation energy is here found to be 
about 90 Mev. Choice of the second variant for the 
values of the parameters Vp and Vq leads us to a lower 
and probably less reliable value of u (about 70 Mev). 
The indicated value of u must be regarded as only a 
comparatively crude approximation, probably some- 
what less than the true value of the mean excitation 
energy, although it agrees excellently with calculated 
results (16). It is probable that in actual fact, the for- 
mation of nuclei far-removed in Z and A from the tar- 
get nucleus occurs after the ejection of fewer particles 
than we have assumed in our calculation (about 5). 


(ARBITRARY UNITS) 


In conclusion, it {s our pleasant duty to express 
Fig. 5. Density of the probability of the excitation 
of a nucleus formed from as a result of a nuclear 
Me of Nuclear Problems of the USSR Academy of Sciences 
corcade process (Fp * i for help in the performance of the experiments. 


SUMMARY. 


1. Twenty-four radioactive fsotopes of seventeen elements were isolated and identified in the products 
arising in the bombardment of bismuth with 660-Mev protons. 


2. The yields of reaction products were determined. The ratio of cross sections for fission and spallation 
reactions was found to be about 0.07. © 


3. The fission reaction is preceded by the ejection, on the average, of 15-16 nucleons. In the spallation 
reaction 2 protons and 8 neutrons are ejected, on the average. 


4. As the energy of the bombarding protons increases there is a displacement of the yields into the stability 
region and also, probably. an increase inthe asymmetry of the fission of strongly excited nuclei. The results per- 


mit an estimation of the mean excitation energy of the nuclei formed as a result of the nuclear cascade process, 
the value found being about 90 Mev. 


: . V. G. Khlopin Radium Institute of the 
USSR Academy of Sciences 
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INTERPHASE PARTITION IN SYSTEMS CONTAINING ANOMALOUS 
MIXED CRYSTALS 


COMMUNICATION 4. THE SYSTEMS NH,CI—CuCl,—H,O AND NHC1—CrC1,—H,O 


E. M 


. loffe 


We have shown in previous investigations that a good criterion for systems consisting of anomalous mixed 
crystals and solution is provided by the partition coefficient for the distribution of a microcomponent between the 
saturated solution and crystals of the second sybstance. Applying this criterion to systems consisting of ammonium 
chloride and heavy-metal chlorides, we have shown [1] that in the case of the system NH,Cl—FeCl,-H,0 we have 
a collvidal solid solution, its distinguishing feature being the existence of a lower limit for its formation. The 
work of Khlopin and Nikitin has established that for the formation of mixed crystals of a new type [2] and of anom- 
alous mixed crystals [3] it is necessary wiat at the surface of the growing crystal there should be a sufficient num- 
ber of ions of the second component to form a region of its own crystal lattice. When, however, the concentration 
of the second component is very low, the probability of a number cf simple or complex ions of the second com- 
ponent being found in close array is very slight, and mixed crystals cannot be formed. This implies that in such 
systems there will be a lower limit for mixed-crystal fermation. In the case of true mixed crystals, in which re- 
placement occurs ion for ion or atom for atom, a lower limit for mixed-crystal formation was never observed. 


For the system NH,Cl—FeCl,—H,0 we showed shat when the concentration of iron in the solution falls below 
a certain value, the partition coefficient for the distribution of iron begins to fall, tending to zero. This proves ~ 
the existence of a lower limit for mixed-crystal formation in this system containing:iron. Before we can claim that 
the existence of a lower formation limit is a criterion for the differentiation of true from anomalous mixed crystals, 
it is essential to study a number of typical systems. Study of a system consisting of ammonium chloride and the 
chloride of a bivalent metal, namely NH,C1—MhC!,—H,0, showed its great difference from the analogous system 
containing iron. oe in the system NH,Cl—FeCl,—H,0 the partition coefficient began to fall at an iron con- 
centration of about 10 * arcane for the manganese system it remains constant over a wide range of concen- 
trations and down to 10°® mole per liter. Moreover, the actual values of the partition coefficients differ greatly, 
the value for manganese (0.76) being almost thirty times as great as that for iron (0.026 at its maximum). 


The object of the present work was the verification of the conclusions that we had reached from partition 
studies on the systems NH,Cl—FeCl,—H,O and NH;C1—MnCl,—H,0 through the investigation of analogous systems. 


EXPERIMENTAL 


As an analog of the manganese system we selected NH,Cl1—CuCl,—H,O because the ionic radius of bivalent 


copper is very close to that of bivalent manganese and the double salt fine? MnCl, - 2H,O corresponds in com- 
position to the double salt 2NH,C1- CuCl, - 2H,0. 


We made use of the procedure developed by Khlopin [4] and his students for the study of the partition of a 
microcomponent between solid and liquid phases. There are three ways in which equilibrium may be attained. 
First, “from below”: equilibrium is attained by recrystallization of crystals of the macrocomponent in its satura- 
ted solution containing the micrecomponent. Second, the mixed crystals may be recrystallized in a saturated so- 
lution of the pure macrocomponent. Third, equilibrium may be attained by crystallization from supersaturated 
solutions with rapid stirring All that has been written about the methods of attaining equilibrium in the case of 


true mixed crystals applies also, as our investigations have shown [5]. to anomalous mixed crystals. In the present 
work we used the third method of attaining equilibrium. 


One of the objects of the present investigation was, therefore, to determine whether or not a lower limit for 
mixed-crystal formation exists in the system NH,Cl—CuCl,—H,O. We sought for this limit by determining the par- 


tition coefficient for various concentrations of microcomponent in the solution. The partition coefficient D is 
most conveniently expressed as follows: 


= 
| 


(x and y are the amounts of micro- and macro-components passing into the crystals, expressed as percentages of 
the total amounts in the system). The system was studied at 0°. Ammonium chloride that had been recrystallized 
three times was used. 


The experiments were generally carried out as follows: the required amount of ammonium chloride crystals 
was weighed into a glass test tube, about 78 ml in capacity, and to this was added 30 ml of the original solution, 
which consisted of a solution of ammonium chloride saturated at 0° and containing a definite amount of cupric 
chloride as microcomponent. The test tube was closed with a ground stopper and heated in hot water until the 
solid phase had dissolved completely, when it was transfened to a thermostat containing melting ice. The solu- 
tion was allowed to attain the temperature of the thermostat and was then stirred vigorously with a mechanically 
driven screw-shaped glass stirrer for four hours. Stirring was then discontinued and the stirrer removed. The cry- 
stals were removed from the mother liquor and washed with a solution of ammonium chloride wiich had been sa- 
turated at 0° and which was cooled to 0° before use. 


TABLE 1 


Amt. of Cu(g) | Cuconcentration | Amt. of NH,C1 | Amt of Cu in|D (accord-|D(accord| Method of de 
per ml of orig- | (moles per liter) | precipitated () | crystals ing te the | termining copper 
inal solution f solution ) 


0.00222 107 30.0 . Colorimetric 

0.00222 3.5- 107? 30.0 

0 00044 7.0-107% 23.0 

0.00044 7.0-1073 20.0 

0 00044 7.0-107° 30.0 

0.09044 7.0-10°% 30.0 

0 00022 3.5- 1073 30.0 

0.0000045 7.0-10 § 300 . Colorimetric with 
preliminary pre 
cipitation with hy- 

0 0000045 7.0-10°° . . | drogen sulfide 

1.7-10°§ 2.7-10°4 30. 0.47 Experiments with 

1.3 10° 2.1-10° . . 0.54 - } radioactive copper 


Mean Mean 
0.53 0.49 


Ve followed the partition of the microcomponent between the liquid and solid phases by determining the 
copper contents of the original soluticn and the crystals, and sometimes also of the solution after the experiment. 
Fer copper concentrations in the range 3.5- 10~* to 3.5- 10-* mole per liter we determined copper colorimetrically 
with the aid of the blue color resulting from the formation of tetrachlorocuprate. 


So that we could reduce the concentration of copper in the original solution and still obtais. :eliable results, 

we took a liter or more of the solution for each experiment instead of the usual 25-30 ml. In this way we succeeded 
in determining partition coefficients at a copper concentration of 7.0- 10~* mole per liter in the original solution. 
In these experiments we first precipitated the copper with hydrogen sulfide in an acid medium. The calcined pre- 
cipitate was dissolved in a few drops of hydrochloric acid, the solution was diluted with distilled water and neutra- 
lized. and colorimetric analysis was carried out in the usual way. The colorimetric determinations were accurate 
within 3-4%. 


In order that the concentration of copper in the original solution might be reduted still further we went over 
to aodiemnete methods of analysis. For this purpose we used one of the radioactive isotopes of copper, namely 
Cu™, which has a half-life of 12.8 hours. Measurements were carried out on the 8 -emission with a Type B appara - 
tus fitted with a B, tube. The results obtained are shown in Table 1, in which D is the partition coefficient 


The results show that for copper concentrations in the original solution ranging from 107* to 10°" mole per 
liter the numerical value of the partition coefficient remains constant, being on the average 0.53 according to the 
crystals and 0.49 according to the solution. 
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As an analog of the system NH,Cl—FeC1,—H,0 we selected the system NH,C1—CrCl,—H,O. Partition in this 
system was studied by the same methods as those used for the copper system, i.e., equilibrium was attained by cry- 
stallization from supersaturated solutions with rapid stirring. The system was studied at 0°. 


The very first experiments showed that the coefficient for the partition of chromium between solid and liquid 
phases is extremely small in this system and it is necessary to use a radioactive indicator even with fairly high con- 
centrations d chranium in the original solution. For this purpose we used one of the radioactive isotopes of chrom- 
ium, namely Ce!. which has a half-life of 26.5 days. Measurements were carried out on the 8 -emission with a 


Type B apparatus fitted with a B, tube. The original solutions were saturated with ammonium chloride at 0° and 
contained various amounts of chromic chloride as microcomponent. 


The partition of chromium between liquid and solid phases was followed by analysis of the crystals only, and 
this was carried out as follows: the crystals were carefully dried in a silica beaker on a sand bath, treated with 
strong nitric acid, and left on the bath until removal of ammonium chloride was complete. The residue in the beaker 
was carefully dissolved in water, and the solution, which contained chromic chloride, was transferred a drop at a 
time to an aluminum dish, where it was evaporated with the aid of an infrared lamp. The activity of the crystals - 
was measured with a 8-ray counter. The activity of the original solution was dezermined in the same way. 


The concentration of chromium in the original solution was determined gravimetrically by precipitation as 
hydroxide, calcination, and weighing as Cr,0,. The results are given in Table 2- 


* 


TABLE 2 


Amt. of Cr (g) 
per ml of orig- 
inal solution 


Cr concentration 
(moles per liter) 


Amount of 


Activity taken for |Activity in the 
experiment (im- erystais 


pulses) (impulses) 
0.0291 5.6- 107! 30 0.11 ; 0.0026 473,500 537 
0.0291 ' §.6-107! 30 0.08 0.0020 470,000 | 360 
0.0204 | 4.0- 107! 30 | 0.10 0.0023 159,600 160 
0.0151 2.9-10 ! 30 ' 0.12 0.0028 77,500 96 
0.0151 2.9-107! 30 | 0.09 0.0021 15,000 66 
0.0135 2.6-10°% 30 0.08 0.0020 168,850 128 
0.0135 2.6- 10°! 30 0.09 0.0021 177,100 162 | 
0.0115 2.2-107! 30 0.11 0.0026 601,250 630 | 
0.0115 2.2- 107! 30 0.10 0.0023 300,625 296 


Mean 


0.0025 4.8-10? 30 0.04 13,650 27 
0.0025 4.8-10 ? 30 0.05 13,620 38 
0.0025 4.8-107? 30 0.06 69,225 40 
0.0024 4.6- 107? 30 0.04 51,450 23 
0.0024 4.6° 1077 30 0.05 51,450 29 


Mean 0.0011 


8.4-10°3 30 Aixed crystals are not formed 26,875 


26,875 


on 


The first series of experiments was carried out on solutions containing from 0.0291 to 0.0115 g of chromium 
per ml of solution. Over this range of concentrations the partition coefficient D remains constant in spite of a 2.5- 
fold reduction in the chromium content of the solution; its average value is 0.0023. In the second series of experi- 
ments the chromium content of the original solutions was 0.0025 g/ ml, i.e., was further reduced in the ration 1.4.6. 
Table 2 shows that the partition coefficient is reduced to about one-half of its value in the previous series of exper- 
iments, i.e.,to 0.0011, on the average. The last series of experiments was carried out on an original solution contain- 
ing 0.0044 g of chromium per ml of solution. In these experiments all of the chromium remained in the solution, 
whereas 30% of the ammonium chloride taken passed into the precipitate. Hence, when the chromium concentra- 


tion is reduced from 0.0291 to 0.00044 g/ ml, the partition coefficient falls from its maximum value to zero, so that 
in this system there is a lower limit for the formation of mixed crystals. 


| 

0.00044 | 


Work with this system is greatly complicated as a result of the very low value of the partition coefficient, — 
and reliable results can be obtained only by using preparations of very high specific activity. In order to compare 

the behaviors of all four systems, consisting of ammonium chloride with the chlorides of tervalent iron and chromium 
and bivalent manganese and cop- 


TABLE 3 per, we shall represent the re- 


suits graphically, taking as ab- 

scissas the negative logarithms 

of the molar concentrations of 
the microcomponent in the 
The System NH,Cl—FeCl,—H,0 © solution (Cy), and as ordin- 

! ates - partition coefficients D 


D 
maximum 
mean) 


Concentation 
of Fe. etc. 


D 
(% of maximum) 


0.055 26 0.029 105.6 their maximum values in the 
various systems. When the re- 
sults are repicsented in this way, 
The System NH,Cl—CrCl,—H,O a clear indication is given of the 
dependence of the partition co- 
| — efficient of the microcomponent 
ey on its concentration in the solu- 
comparable with one another are 
The System NH ,CI—MnCl,—-H,O obtained in spite of the fact that 
: the values of the partition co- 
8.0- 10° 3.10 0.76 95.0 among them:elves. 
3.4: 3.47 97.5 
6.6- 105 4.18 0.87 108.7 Curves representing the 
4- 10°75 4.40 ; 0.75 93.8 dependence of the partition co- 
4: 5.40 ; (0.89 111.3 efficient of the microcomponent 


on its concentration in the solution 


The System: NH,C1—CuCl, —H,O are shown in Fig. 1. 


Curve 1, which is for the 
36 0.47 91. 9 fron system, {fs at first parallel. 
7 0-104 415 0.58 109.4 to the axis of abscissas , which 

indicates that in spite of a re- 


duction in the iron content of the 
solution the partition coefficient 
remains constant. However, at a certain concentration the partition coefficient begins to fall, so that the curve pro- 
ceeds at an angle to the axis of abscissa. Curve 2, which shows the dependence of the partition coefficient of chro- 
mium on its concentration in the solution, proceeds like the iron carve, remaining in the first place parallel to the 
axis of abscissa; in spite of a reduction in concentration to less than one-half of the original value. With further 
reduction of the chromium content of the original solution, the partition coefficient begins to fall sharply, so that 
the curve proceeds at an angle to the axis of abscissas. The curve showing the dependence of the partition co- 
efficients of bivalent manganese and copper on concentration is quite different in character from the curves for 
tervalent-metal chlorides which we have just considered: whereas in the iron and chromium systems the partition 
coefficients begin to fall when the concentration of the microcomponent in the solution is of the order of 10 mole 
per liter. in the manganese system over a concentration range of approximately 10° to 10~® and in the copper sys~- 
tem from 10™* to 10°? mole per liter, the partition coefficient remains constant. Fig. 1 shows that the curve for the 
manganese and copper systems is a straight line parallel to the axis of abscissas. 


2.3-107 6.7 0.54 101.9 


Comparing the partition behavior in the systems NH,CI-MnCl,—H,O and NH,Cl—CuCl,—H,0, we see that 
they behave in completely analogous ways. If in these systems there is a lower limit for the formation of mixed 
crystals. then it lies below the range that we have studied. 


Most authors consider that the guest component in the manganese system is the complex anion (MnCl: 
2H,0)°[6]. It is probable that in the copper system the guest component {s the complex anion (CuC],- 2H,0)”. 
We consider that the views of Greenberg and Walden [7] are sound and are supported by reliable experimental 
data. These authors studied the structure of the double salt 2NH,Cl- MnCl, - 2H,O by means of X-ray anzlysis and 
showed that it greatly resembled the structure of NH,CI and could be derived from the latter as follows. We take 


| 


i 


Fig. 1. © = Fe; A = Cr; X= Mn; O= Cu. : Fig. 2. 


two elementary cells of NH,Cl having a common plane and consisting of 12 chloride ions and 2 ammonium ions 
disposed at the centers of the two elementary cubes taken (Fig. 2). Two elementary cells of NH,Cl having a com- 
mon plane and having 12 chloride ions at the corners and 2 ammonium ions at the centers of the cubes are changed 
little in dimensions and electrical field when the two ammonium ions are replaced by water miolecules and a man- | 
ganous ion is placed in the center of the square of four chloride ions in the plane that is common to the two cells. 
Greenberg and Walden explain the formation of mixed crystals by the possibility of the replacement of the group 
2NH,S4C1" in the NH,CI lattice by the complex anion (MnCl: 2H,O)". If, in fact, such a replacement occuts, then 
in this case there should not be a lower limit for mixed-crystal formation. 


We consider that, if all these considerations are valid for the manganese system, then they should apply also 
to the copper system. since the radius of a copper ion is such that it may be placed within the ammonium chloride 
lattice in the same way as the manganese ioa. By analogy with manganese, we consider that in the copper system 
the guest component is the complex anion (CuCl,2H,O)” Similar replacements cannot, however, occur in the sys- 
tems NH,Cl—FeCl,—H,O and NH,CI—CrCl,—H,0, since the complex anions (FeCl, - H,O)” and (CrCl;-H,0)” con- 
tain five chlorine atoms, which is one too many. This fact is bound to be reflected in the structure of the mixed - 
crystals. 


Although mixed crystals formed by ammonium and ferric chlorides have been studied in various aspects by 
many workers [6].-there are only a few references in the literature to the chromium system. Retgers [8] obtained 
mixed crystals by crystallizing ammonium chloride from an aqueous sclution containing chromic chloride, the . 
latter being trapped by the solid phase in very small amount. Moreover, Johnsen [9] states that ammonium chlor- 
ide crystallized from a solution containing chromic chloride is green in color. With regard to the double salts 
formed between ammonium chloride and chromic chloride, Larsson [10] has obtained a salt of composition 
NH,CI- C;Cl,- 6H,O, and Neumann [11] has prepared the double salt 2NH,Cl- CrCl,- H,O or H,O), 
which Werner [12] and others represent as [Cr(H,0)C1,(NH,)s). 


Whereas for the system NH,CI—FeCl,—H,O many authors have shown convincingly that the guest component 
is the complex anion (FeCl,-H,O)”, this question has not been finally settled for the chromium system. By ana- 
logy with iron, however, it may be supposed that the guest component in the chromium system is the complex an- 
ion (CrCl;-H,O)", and this view is supported by the similarity in the curves for the dependence of partition co- 
efficient on concentration of microcomponent (iron or chromium) in the solution. Further support is afforded by 
the results of experiments devised to determine the behavior of two or more microcomponents when simultaneous- 
ly present in a solution from which anomalous mixed crystals are formed. The experiments showed that the pre- 
sence of cupric chloride in the solution had no effect on the partition of chromium between liquid and solid phases, 
whereas the presence of FeCl, had a substantial effect on the value of the partition coefficient: its mean value was 
increased by a factor of 2.5. In this connection it should be noted that the form of the curve for the dependence of 

: the partition coefficient on the concentration of microcomponent in the solution remained unchanged. From these 
considerations it may be concluded that the guest component in the chromium system {is the complex anion 
| (CrCl, + H,O)", which is deposited during crystallization on prepared regions of the lattice formed by the isomor- 
phous complex anion (FeCl,-H,O)”, this being the reason for the increase in the partition coefficient of chromium. 
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SUMMARY 


1. Data relating to the partition of small amounts of a substance between the liquid and solid phases in sys- 
tems consisting of ammonium chloride and the chlorides of the tervalent metals chromium and iron indicate that 


there is a lower limit for the formation of the mixed crystals NH,Cl—FeCl, and NH,C1—CrCl,, and that these mixed 
crystals are colloidal in nature. 


2. Partition in systems contisting of ammonium chloride and the chlorides of the bivalent metals manganese 
and copper is characterized by a partition coefficient that has a constant value over a wide range of concentrations. 


3. Greenberg and Walden’s scheme provides a satisfactory explanation of the difference in behavior between 
the chdorides of bivalent Mn and Cu and those of tervalent Fe and Cr when undergoing partition between the satura- 
ted solution and crystals of ammonium chloride. 


V. G. Khlopin Radium Institute of the 
USSR Academy of Sciences 
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SURFACE AND SORPTION PROPERTIES OF ACTIVE CARBONS 


COMMUNICATION 1. SORPTION ISOTHERMS FOR BENZENE AND WATER VAPOR 


M. M. Dubinin and E. D. Zaverina 


The results of chemical analysis show that the organic matter present in active carbons consists essentially 


of carbon. When carbons are subjected to activation or thermal treatment at sufficiently high temperatures, the 
carbon content may attain 98-99%. 


When kept and applied under the usual conditions, active carbons are in contact with afr and are to some ex- 
tent moist. As a result of activated adsorption and chemisorption of oxygen, at the surface of the carbon there are 
chemically bound oxygen atoms, which form surface oxides, the composition and properties of which depend on the 
temperature conditions of the interaction of oxygen with the catbon [1-3]. With prolonged keeping, slow oxidation 
of the surface continues with formation of acidic surface oxides [4]. According to the experiments of Pierce and 
coworkers, active carbons slowly reatt with sorbed water with formation of surface oxygen complexes [5]. 


From these observations we may conclude that under normal conditions the surface of active carbons does 


not consist only of carbon atoms, but is oxidized to some extent. In the oxidation a cotdition of equilibrium is 


probably not attained, and slow further oxidation of the active-carbon surface will occur. The final oxidation pro- 


duct, carbon dioxide, is gradually desorbed from the carbon. 


In the general case, the sorption of vapors by active carbons depends on the chemical nature and porous 
structure of the adsorbent. The effect of surface oxides on the sorption of vapors by active carbons has been studied 
by Bruns [6] and by us [7. 8]. The polar properties of the surface oxides, which behave like unimolecular layers, 
affect the components of the adsorption forces in different ways. As our experiments [7] show, the surface oxides 
have an insignificant effect on the dispersional interaction of the molecules of nonpolar substances such as benzene 
with the carbon surface. In the adsorption of polar molecules such as methanol and water, however, the surface 
oxides modify the character of the adsorption considerably in the initial sections of the fsotherm, particularly when 


dispersion forces play a relatively small part in adsorptional interaction. The most notable example is provided by 
the adsorption of water vapor on active carbons [9]. 


One of the methods of studying the effect of the nature of the surface of the adsorbent on adsorption is based 
on varying the chemical nature of the surface of the active carbon while maintaining its porous structure practically 
unchanged. A study of sorption over a wide range of equilibrium pressures, right up to saturation, makes it possible. 
in principle. to evaluate the relative values of the surface coverage and pore volume in the sorption of water vapor. 
The slow change in the chemical nature of the surface of the carbon resulting from its oxidation also has a certain 


practical interest, since it may be associated with the changes occurring in the sorption properties of active carbons 
during keeping. 


These considerations make it necessary to carry out further, more systematic investigations in this field. In 
the present investigation we have attempted to determine in greater detail the dependence of the sorptive proper- 


ties of active carbon on the extent of the oxidation of its surface, the structure of the carbon being maintained 
practically constant. 


EXPERIMENTAL 


1. The active carbon taken for investigation was granulated material obtained under laboratory conditions 
from coal, it had a bulk density of A = 0.640 g/cc and an ash content of 15.98%. The carbon was ground, and the 
fraction of grains retained during sieving between sieves having circular openings 1.25 and 1.50 mm in diameter, 
respectively, was used for the preparation of oxidized carbons (Carbon A). 


The main object of the investigation was a study of the sorptive properties of carbons having different amounts 
of acidic surface oxides, but practically constant in porous structure. As the oxidation of a carbon with atmospheric 
oxygen is accompanied by a substantial combustion loss, which results in changes in structure, there was no point in 


= | 


comparing the properties of the original active cafbon A and its oxidation products. A carbon having no acidic 
surface oxides and close in structure to the oxidized carbon may be prepared by thermal treatment of the latter 
in a vacuum at about 1000° (7). 


Samples of oxidized carbons were prepared both from the original ash-containing carbon A and also from car- 
bon freed from ash by double treatments with hydrochloric and hydrofluoric acids followed by careful washing with 
distilled water until the reaction for chloride was negative. The carbon, after drying, had an ash content of 0.61%. 
After a repeat of this cycle of treatments with hydrochloric and hydrofluoric acids and careful washing, the dried 
carbon had an ash content of 0.16% (Carbon B). 


The carbons A and B were oxidized at 450° with moist air (humidified by passage through a Drechsel bottle 
contiining water) in the rotating retort already described (10). A 2 g sample of carbon was taken, and the rate of 
passage of air was 6 cc per minute per gram of carbon. By variation of the length of treatment it was possible to 
obtain samples of carbon having different contents of acidic surface oxides (Shilov carbon oxides). 


An index of the amount of acidic surface oxides formed was provided by the extent to which caustic soda 
was adsorbed from aqueous solution To measure this adsorption 10 ml of 0.023 N NzOH was added toa 0.4 g 
i sample of the carbon contained in a test tube fitted with a ground stopper. The mixture was agitated for one hour 
anc then centrifuged. and the equilibrium concenwation of the solution c was determined by titration to phenol- 


phthalein. The extent of acsorption was expressed In relative units, namely, as the percentage change in the con- 
centration: : 


a= 100%, (1) 


(cy is the initial concentration of the solution). . 

In order to decompose the acidic surface oxides, a sample of oxidized carbon was heated at 950° in a silica 
tube closed at one end and evacuated down to a few microns of mercury by means of an ofl pump. Air was ad- 
mitted to the tube only after the carbon hai cooled. The duration of the thermal treatment of the carbon was es- 
tablished experimentally with the aid of the following experiments. For the oxidized carbon Al the alkali adsorp 
tion was 33.3%. Heating of the carbon for one hour lowered the alkali adsorption to 1.33%, and heating for two 
hours lowered it to less than 0.01%. On the basis of these preliminary experiments, all samples of oxidized carbon 
were heated for two hours. The carbons obtained were preserved in sealed glass test tubes. 


The principal data relating to the carbons investigated are presented in Table 1. 


TABLE 1 


Conditions of Preparation and Designation of the Carbon Samples 


Thermal treatment of carbon at 950° | Designation 


adsorption of | yield of carbon | adsorption of NaOH | of carbon 
NaOH Jo) obtained 


Original Air oxidation of carbon at 450° 
carbon time t_ | combustion | relative reactiv- 
| (hours) | loss w lity 3 (hour~') 


(2) 


(w is the combustion loss of the carbon as a fraction, and t is the duration of oxidation in hours). 


“A | 2.0 10.3 0.052 33.3 es - Al 
A 3.5 18.7 0.053 45.7 = - A2 
| ar {| - - - - 90 0.00 A3 
A2 - 90 0.00 A4 
B 1.5 9.3 0 062 46.8 Bl 
B 2.7 22.3 0.082 56.7 B2 
- - 85 0.00 B3 
The rate of combustion of the carbon in the oxidation process is characterized by the relative reactivity 8: 
B= hour“! = 
532 


The experimental results show that carbon B, which had been freed from ash, was appreciably more reactive 
to oxygen at 450° than the original carbon A. It is probable that in this case the removal of ash results in some 


increase in porosity. leading to enhanced reactivity; the ash components themselves are without appreciable cataly- 
tic action in the oxidation process. 


The oxidation of carbon with atmospheric oxygen at 450°, which is associated with a substantial combustion 
loss (up to 20% in our experiments), results in the formation of acidic surface oxides, which, as a result of hycration, 
form surface carboxyl groups. The presence of these groups is the cause of the adsorption of alkali by ion exchange 
(H* exchanged for Na*). The adsorptive power of oxidized carbons with respect to caustic soda increases with in- 


crease in the combustion loss of the carbon and is appreciably higher for oxidized carbons obtained from de-ashed 
carbon. 


According to the data in Table 1, when oxidized carbons are treated in a vacuum at 950° with the object of 
breaking down the acidic surface oxides, the carbons lose 10 to 19 in weight, i.e., there is a peculiar sort of com- 


bustion loss. At first sight such combustion losses appear excessively high, but they are in accord with the results 
of one of our earlier investigations [3]. 


According to elementary analysis, 2.8% of oxygen was present in an active carbon obtained from sugar (sam- 
ple No. 23 in the paper cited), which was prepared at a fairly high temperature (1000°) by activation with carbon 
dioxide until the combustion loss was 48%. When this carbon was oxic!zed with atmospheric oxygen at 500° until ° 
the combustion loss was about 157% (sample No. 26), the oxygen content was raised to 11.7%. Acidic surface oxides 
were formed on the carbon, and these caused a considerable adsorption of caustic soda from aqueous solution (1.61 
millimoles per gram at an equilibrium concentration of 100 millimoles per liter). 


When the carbon was treated at 950° in a vacuum, much of the oxygen chemically bound in the form of sur- 
face oxides was removed as carbon dioxide. If it is assumed that the product of the thermal treatment contained 
its original amount of oxygen (2.8%), then it is easy to calculate the algebraic loss in weight of the carbon in the 


thermal treatment (12.7%). This estimated value is within the min the range of “combustion losses” of the car- 
bon samples studied. 


The thermal treatment of oxidized carbons in 
a vacuum at 950° for two hours results in almost com- 
plete breakdown of the acidic surface oxides. The 
amount of alkali adsorbed becomes immeasurably 
smal} (less than 0.01%). As later experiments show, 
the porous structures of the oxidized carbon and the | 
product of its thermal treatment do not differ to an 
appreciable extent. 


2. As an example of a nonpolar vapor we 
chose the vapor of benzene. We measured the sorp- 
tion isotherms for benzene vapor at 20° by the sorp- 
m. tion-balance vacuum.method over a wide range of 
3 equilibrium pressures [11]. The preliminary degassing 
of the carbons was carried out at 450° with evacuation - 

Fig. 1. Isotherms for the sorption of benzene vapor at 20° 

‘ Bae A hours. At the end of this period the mercury “stuck 
(semilogarithmic plot) for the carbons: O= A; O= Al; : 
Ata. in the capillary of the McLeod gage. 


In their general character, the sorption isotherms 
for benzene vapor adsorbed on carbons of series A and | 
B differed little from the isotherm for the original carbon A, particularly in the region of low and medium equilib- 
rium pressures. At higher equilibrium pressures, however, the further activation of the carbons by atmospheric oxy- 
gen in the oxidation process causes a substantial increase in the sorption. 


By way of example, adsorption isotherms are shown in Fig. 1 as semilogarithmic plots for the original active 
carbon A (and products Al and A2), of its activation to different combustion losses. As a result of oxidation there 
is an appreciable change in the sorptive properties of the carbon, which is associated with change in porous struc- 
ture. On the other hand, the thermal breakdown of the acidic surface oxides at 950° permits us to convert carbons ; 
Al. A2, B1, and B2 into A3, A4, B3, and B4, which have a normal condit‘on of surface, do not contain acidic sur- F 
face oxides. and have practically identical sorptive properties with respect to benzene vapor. As a typical example 


we compare the sorption {isotherms for carbons BI and B3 (Fig. 2). We may conclude that the isotherms for the de- 
ashed carbons of series B coincide completely. In the case of the ash-containing carbons of Series A there is a 
slight but measurable difference between samples having acidic surface oxides and the corresponding samples hav- 
ing a normal condition of surface. 


The active carbons of scrics A and B are adsorbents of the first meee type, containing relatively fine 
_ micropores having fairly high adsorption potentials [12]. For such carbons the following adsorption isotherm is 
applicable: 


z 
(log ps/p? 


(3) 


(Wy and B are constants of the equation, vy is the volume of a millimole of the substance being adsorbed in the li- 
quid state, and 3 is the affinity coefficient). For benzene, which is taken as the standard vapor, 3 = 1. Table 2 
gives the constants of Equation 3 for the original carbon A and the samples of active carbon of scrics B. 


TABLE 2 


Constants of the Adsorption Isotherm Equation 


|W, (cc/g)| 10° {Range of applicability ( 


5: 1075-0.2 
3-10 °—2-107? 
3- 1054-107? 
3-10 *—6- 107° 
3-15 


Carbon 


As compared wth the original carbon A, all of the 

de-ashed carbons of series B have an appreciably higher 
(pc) limiting adsorption space We, an effect that is to be attri 

buted mainly to the removal of ash from the carbon and 
Fig. 2. Isotherms for the sorption of benzene vapor at to a supplementary activation effect. For each pair of car- 
20° (semilogarithmic plot) for the carbons: O = B3; bon samples — B1 and B3, and B2 and B4 — which differ in 
C= Bt. the chemical nature of the surface, the constants W, and 

B are very close in value. This confirms that the adsorp- 

tive power of a carbon for the vapor of a nonpolar substance 
is almost independent of the degree of oxidation of its sur- 
face. 


The aimost exact coincidence of the benzene-vapor sorption isotherms for each pair of comparable carbon 
samples. ie., Al and A3, A2 and A4, Bl and B3, and B2 and B4, indicates that their porous structures are iden- 
tical to a sufficiently close approximation. It follows that, to the same degree of approximation, the volumes of 
the micropores and transitional pores are the same for the two members of each pair. 


3. As an example of a polar vapor we chose water In the gas state water molecules are not associated; in 
the liquid state association occurs mainly as a result of the formation of hydrogen bonds between the molecules. 


The sorption and desorption isotherms were measured for water vapor at 20° by the sorption-balance vacuum 
method. The conditions used in the preliminary degassing of the active carbons did not differ from those used in 
the experiments with benzene vapor. In Figs. 3 and 4 we give, by way of example, the sorption and desorption 
magneto for water vapor on the oxidized carbons A2 and B2 and on the corresponding thermally treated samples, 

the acidic surface oxides of which have been broken down (A4 and B4, respectively). The isotherms for the car- 
bons Al, A3 and B1. B3 are similar in character. 


For all of the carbons studied the sorption and desorption isotherms are S-shaped. The first part of the sorp- 
tion branch of the sorption isotherm for the oxidized carbons A2 and B2, which {s concave and extends to P/Ps= 

= 0.4, rises fairly steeply. indicating relatively high adsorption, even in the region of low equilibrium pressures. 
In the region of medium relative pressures (0.4-0.6), there is a steeper, almost linear rise of adsorption with pressure. 


4 
A | 0.281 | 0.961 | 
3 | 0.370 | 1.10 
B3 | 0.350 | 1.09 
| 2 B2 0.945 | 1.10 
0 BF Ba | 0.350 | 1.09 
| 
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In the region of high relative 
pressures (0.6-1.0) the iso- 
therm becomes somewhat 
less steep, although the extent 
of adsorption still increases 
fairly rapidly with rise in pres- 
sure. 


For the carbon samples 
A4 and B4, which are analogous 
in porous structure but do not 
contain acidic surface oxides, 
the extent of adsorption in the 
initial region (relative pressures 
up to 0.4) is small, being at the 
limit of measurement. As the 
pressure rises above p/p, = 0.45, 
there is a sharp rise in the sorp- 
tion branch, which then has a 
long linear portion. As the car- 


°° 1.0 Pp, bon approaches a state of satura- 
. tion, the curve becomes some- 
Fig. 3. Sorption and desorption isotherms Fig. 4. Sorption and desorption _— what less steep. The limiting 
for water vapor at 20° on carbons A2 and A4. isotherms for water vapor at 20° _— sorption at a relative pressure of 
on carbons B2 and B4. unity fs substantially lower for 


carbons freed from acidic sur- 
face oxides. 


For all of the carbons studied the desorption branches of the isotherms are, in general, analogous in form to 
the sorption branches in the regions of medium and high relative pressures. However, the almost linear portions of 


the desorption branches rise more steeply, and in the range of relative pressures from 0.7 to 1.0 the curves are less 
steep. particularly for the carbon A4. 


For the ash-containing carbons Al, A3 and A2, A4 there is marked irreversibility in the initial region of the 
isotherm. When the carbon samples are subjected to a vacuum at 20°, they retain an appreciable amount of the 
more firmly bound water. Removal of ash does not greatly reduce the irreversibility of the sorption, particularly 
for the samples B3 and B4. Unlike the adsorption isotherms for active carbons derived from sugar, those for the 
carbons of series A and B have no initial reversible section. The residual ash content of about 0.2% {s probably 
the source of the irreversibility of the initial parts of the isotherms for carbons of series B. 


From the isotherms shown in Figs. 3 and 4 it may be concluded that oxidation of the surface of the carbon 
with formation of acidic surface oxides results in a displacement of the almost linear sections of the main rise in 
the sorption and desorption branches of the isotherms into the region of lower relative pressures. Breakdown of the 


acidic surface oxides without substantial change in the porous structure of the carbon results in considerably lower 
limiting sorption values. 


In conclusion, it is of interest to compare the limiting sorption volumes for water vapor vi,0 with the 
volumes of the micropores of the carbons and with the sums of the volumes of the micropores and transitional pores, 


which, by definition, are the limiting sorption volumes for benzene vapor vods {13]. The limiting sorption volumes | 
were calculated from the formula: 


a,°V. (4) 


(as mmoles/g is the limiting sorption at p/ps = 1 and V is the volume of 1 mmole of the substance being adsorbed, 
in the liquid state). The comparison of these quantities is made in Table 3. 


The data in Table 3 show that, for the carbon samples A3, A4, B3, and B4, which do not contain acidic sur- 
face oxides, the limiting sorption volumes for water vapor coincide with the volumes of the micropores of the ac- 
tive carbons within the limits of experimental error. We have stressed this conclusion in several of our papers [8]. 
For the oxidized carbons Al, A2, B1 and B2, the limiting sorption volumes for water vapor exceed the volumes of 
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TABLE 3 


Comparison of the Limiting Sorption Volumes of Water Vapor with the Volumes of the Pores of the Active Carbons 


Carbon 


AL 17.59 0.318 0.305 0.356 0.895 
17.05 0.308 0.304 0.351 0.878 
A2 18.90 0.342 | 0317 | 0.382 0 896 
M 17.15 0.310 0.314 0.368 0.843 
BI 22.31 | 0403 0.361 0.446 0.903 
B3 19.78 | 0.387 0.368 0.438 ; 0.817 
B2 26.38 | 0476 | 0415 0.526 0.897. 
Bs 21.90 0.396 0.396 0.503 0.788 


the micropores of the active carbons, but the limiting sorption volumes for benzene vapor are considerably less. 
These results are of significance in relation to peculiarities in the sorption of water vapor on active carbons differ- 
ing in the nature of their surfaces. 


DISCUSSION OF THE EXPERIMENTAL RESULTS 


The main object of the present investigation was the determination of the effect of the chemical nature of 
the surface of active carbons on their sorption properties for an example of a nonpolar vapor, benzene, and for an 
example of a polar vapor, water, which is able to undergo intermolecular hydrogen bonding. Since adsorption and 
capillary-condensation processes depend very greatly on the porous structure of the active carbons [8, 14], it was of 
fundamental importance to compare the sorption properties of carbons differing in the nature of their surfaces but 
identical in porous structure This extremely complex experimental problem can, of course, be solved only within 
a certain approximation. 


The surface of an active carbon prepared at 2 high temperature in absence of an oxidizing atmosphere and 
brought after cooling into contact with atmospheric oxygen contains oxygen atoms taken up by activated adsorption, 


oxides are not of great importance, the only important fact being the presence of chemically bound oxygen atoms 
on the surface of the carbon, which may be regarded as forming surface oxides that do not give the carbon the pow. 
€r to adsorb inorganic bases (NaOH) from aqueous solution. 


Oxi<ation of the carbon with atmospheric oxygen at 450° results in the formation of surface oxides, which, 
in the hyc:atec form, can be regarded as surface carboxyl groups. Simultaneously there is appreciable oxidation 
of the carbon to carbon dioxide, a measure of which is given by the combustion loss of the carbon. This process 
is a form of activation of the carbon at a comparatively low temperature, and it results in a change in the porous 
structure ci the carbon as in the usual high-temperature activation with oxidizing gases (CO,, H,O). The result- 
ing oxicized carbon has ion-exchange properties and is able to adsorb alkali from aqueous solution as a result of 
the exchange of H” of carboxyls for cations, e.g., Na*. 


The oxicized carbon contains both forms of surface oxides, i.e., the Shilov basic type and the acidic type. 
These have the character of unimolecular films that do not fully cover the surface. This conclusion follows natur- 
ally from an analysis of the comparatively low limiting adsorption values of inorganic basesand acids (up to 1.5 
mmoles per gram) when the adsorption of these substances is explained on the ion-exchange scheme. 


If te surface oxides are regarJed as special sites on the surface of the carbon, then they cannot have any 
great significance in the adsorption of the vapor of a nonpolar substance such as benzene and will not play the part 
of active suxface regions for this process. This conclusion follows from the very nature of the dispersional interac- 
tion of molecules of nonpolar substances and the surface of the carbon. Individual atoms of foreign substances such 
as oxygen. bounc by chemical forces, cannot affect the value of the adsorption potential to any appreciable extent. 
From this we reach the fundamental conclusion that the surface oxides of the carbon are practically without effect 
on its adsorption properties with respect to benzene vapor. 


Identity of structure in two samples of adsorbents {s expressed by identity in specific surface and in pore- 
volume Cistribution function. When this condition is fulfilled, the volumes of the different kinds of pores are, of 


| 
a which, ag to Shilov, form surface oxides of a basic character [1]. For us the details of the structure of these 
| 
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/ course, equal. Both of the above factors are of determining significance for the adsorption of benzene vapor, the 

example of a nonpolar substance selected ‘n our investigation. Consequently, identity of the sorption properties 
of comparable samples of carbons with respect to benzene vapor (coincidence of sorption isotherms) and equality 
of the volumes of the micro- and transitional pores (which are of significance for sorption equilibrium) form 


criteria for the identity of porous structure in carbons, even when there are differences in the nature of the surfaces 
owing to the presence of surface oxides. 


With the method adopted for the preparation of comparable samples of carbons we obtained coincidence, to 
a satisfactory degree of approximation, of the sorption isotherms for benzene vapor and substantial equality in the 


volumes of micro- and transitional pores for the pairs of adsorbents. It may be considered, therefore, that our pro- 
blem is in general solved to an acceptable approximation. 


Thus, the characteristic differences that we have noted in the sorption and desorption isotherms for water 
vapor on comparabie pairs of active carbons (Al and A3, A2 and A4, B1 and B3, and B2 and B4) must be attributed 
to differences in the chemical nature of their surfaces, and not to differences in porous structure. 


In the concepts that we have developed concerning the nature of the sorption of water vapor, surface carbon 
oxides play the part of primary adsorption centers determining the main course of the processes of adsorption and 
desorptiow of water vapor [9]. From this point of view the whole of the characteristic difference in the form of 
the adsorption isotherms for water vapor has its primary cause in the number of oxygen atoms originally taken up 
per unit of surface by processes of activated adsorption or of chemisorption. The problem of the naiure of the sorp- 
tion of water vapor by active carbons will be examined in greater detail in future communications. 


SUMMARY 


1. Pair: of samples of active carbon were prepared, each pair being such that the two carbons were very close 
in porous structure but were distinguished by the presence in one of acidic surface oxides; these oxides were absent 
in the other. which was freed from them by thermal treatment in a vacuum at about 000°. It was proved that the 


samples of carbon chosen for comparison were almost identical in porous structure, although differing in the nature 
of their surfaces. 


2. A study was made of the sorptive properties of carbons with respect to a nonpolar substance, benzene. It 
was shown experimentally that acidic surface oxides have no appreciable effect on the sorptive power of carbon for 
benzene vapor over a wide range of equilibrium pressures. 


3. The sorption and desorption isotherms of water vapor were investigated for carbons containing acidic i 
surface oxides and for the corresponding carbons freed from these oxides. It was found that the surface oxides had { 
a very considerable effect on the sorptive power of carbons for water vapor, the effect being manifested in the sorp- 


tion and desorption isotherms of the oxidized carbons by a displacement of the curve in the region of low relative 
pressure. 


4. The basic causes for the differences in the adsorption properties of active carbons differing in the chem- 
ical nature of their surfaces were examined. 
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REACTION OF VITREOUS SODIUM SILICATES AND ALUMINOSILICATES 
WITH AQUEOUS SOLUTIONS 


COMMUNICATION 7. REACTION OF VITREOUS SODIUM.SILICATES 


AND ALUMINOSILICATES WITH SALT SOLUTIONS 


S. K. Dubrovo and Yu. A. Shmidt 


In previous communications we have described the interaction of vitreous sodium silicates and aluminosili- 
cates with water and with solutions of acids and alkalis [1-4]. The object of the present work was the determina- 
tion of the action of solutions of certain salts on these glasses. Such an investigation is of interest because, under 


the conditions obtaining in practice, the aqueous solutions that act upon glasses ana natura] minerals will generally 
contain salts of some kind or other. 


Comparatively little study has been devoted to the interaction of glasses with salt solutions. In the course 
of an investigation into the polishing process, Grebenshchikov [5] studied this problem and noted that the presence 
-of various metal ions in water affects the rate of growth and the physicochemical properties of the siliceous film 
on the surface of the glass. Schroder [6] studied:the attack of solutions of sodium chloride, arsenates, and some 


other salts on window glass; he found that the destructive effect of caustic soda solutions on glass is intensified by 
an addition of sodium chloride. 


One of the few investigations on the interaction of glasses with solutions of alkaline-earth chlorides is that 
of Gastev [7]. who tried to establish the cause of the increase in the chemical stability of alkali-silicate glasses re- 
sulting from an addition of alkaline-earth oxides. With this object he treated glass powders containing 80% by 
weight of SiO, and 207 by weight of Na,O or K,O with calcium chloride, magnesium chloride, and barium chlor- 
ide solutions. He found that the stability of a sodium silicate glass toward water was increased by treatment of 
the glass with calcium chloride solution. Magnesium chloride and barium chloride solutions did not have this ef- 
fect. The author's explanation of this behavior is that only those bivalent ions having a radius close to that of the 
alkali-metal ion in the glass are adsorbed from solution on the siliceous film formed on the surface. As a result 
of such adsorption. the protective properties of the film are enhanced. 


In Gastev’s work there are some errors of principle and method. The author tacitly assumes that the state of 
the alkaline-earth ions absorbed by the film from the solution is the same as if these ions had becn present in the 
glass from the beginning, being introduced in the process of its preparation. This assumption, however, is incorrect 
as can be seen from the following and other considerations. It is known that even small additions of any alkaline- 
earth oxide to an alkali-silicate glass result in a great increase in the chemical stability of the glass (8, 9). It 
follows, however, from Gastev’s results that the absorption of barium and magnesium ions has no effect at all on 
the chemical stability of sodium silicate glass, while the effect of calcium ions is comparatively slight. In deter- 
mining titrimetrically the amount of alkaline oxides passing from the glass to the solution, the author was unable 


to take into account that part of the alkali-metal ions (e.g., sodium ions) which are displaced into the solution by 
calcium ions by the ion-exchange reaction: 


+ Catt Catt 


+ 
solution ~ glass * 2N@" solution 
and therefore, do not increase the alkali content of the solution. Moreover, the experiments were carried out under 


conditions that permitted access of carbon dioxide from the air. All these factors, taken together, could seriously 
distort the results. 


2Na* glass 


We have iuvestigated the interaction of vitreous sodium silicates and aluminosilicates with solutions of sod- 
fum, calcium and aluminum chlorides. 


— 


EXPERIMENTAL 


Interaction of vitreous sodium silicates 2rd aluminosilicates with sodium chloride solutions. A study was 
made of the interaction of three sodium silicates and thrce sodium aluminosilicates with N NaCl at 40°. We have 
described the experimental procedure previously (1, 3]. The results are given in Tables 1 and 2. As before, the 
symbols 8N3,0. 2AL,Oy: and nsiO, represent the amounts of the respective components that pass into solution from 
1 cm? of the glass surface. The quantities @ and 8 are the proportions of SiO, and Al,O,, respectively, passing in- 
to solution from the layer of glass that is undergoing interaction. | 


n the experiments with the silicate Na,O- 1.7SiO, the presence of sodium chloride in the solution leads to a 
reduction in the value of 2ng,0 2nd to an increase in the rate of dissolution of the siliceous film. Later, however, 
whea the film is completely dissolved, the value of ngig, is found to be less than in the experiments with water. 
In this case it is probable that, as in the previously described interaction of silicates with alkaline solutions [4], the 
rate at which the silica of the glass is dissolved now depends on the primary process of the passage of sodium ions 
into solution, so tiat with increase in the concentration of sodium chloride this rate diminishes. 


The results of the experiments on the interaction of the other sodium silicates with sodium chloride solution 
confirm our previous conclusions [10], namely that increase in the concentration of sodium chloride in the solution 
retards the passage of Na,O into solution and accelerates the dissolution of the siliceous film. The results that we 
nave obtained for vitreous sodium aluminosilicates point to the same conclusion. In all cases the amounts of alum- 
ina passing into solution were very small. At the beginning of the experiments, the pease of sodium chloride in 
the solution apparently brings about an increase (although this increase is a slight one) in 


TABLE 1 


Interaction of Vitreous Sodium Silicate of Composition Na,O- 1.7SiO, with N Sodium Chloride Solution 


Solution Time (hours) 


Water -10°§ 352 
566 
0.97 


INNacl 187 | 259 
319 | 455 
10; 19] 10 


TABLE 2 


interaction of Vitreous Sodium Silicates and Aluminosilicates with N Sodium Chloride Solution 
Composition 
Solution 1N NaCl t 1N NaCl 
time (hours) 
6 1 — 6 1 1 6 Be 


63 8.2 48 ee tes tas 1.6 4.7 | 0.94 |25 


31 9.3 5.6 77 0% !1.0 1.0 5.0 0.04 0.08 | 0.05 | 0.13 
0.08 0.08 037 , 0.80 ; 0.011 | 0.014 | 0.16 | 0.17 | 0.008 | 0.006} 0.019 | 0.017 


| 


Na,O- 0.05A1,0,- 1.7SiO | Na,O- 0.05A1,0,- 2Si0 Na,O- 0.15A1,0,- 1.7SiO 


50 6.0 | 28 8.0 |22 3.1 
0.13 | 0.017 0.043 0.003 | 0.002 | 0.005 —0.011 
66 128 i 21 io22 |12 0.44 16 | 
0.078! 0.27 | 0.44 |0.014 | 0.027 | 0.071 | 0.080! 
, 0.052; 0.057 | 0.031 | 0.008 0.018 | 0.032 | 0.022 | 


-10°8 
2Na,O 19 
3sio,’ 1° 
@ 
Composition 
Solution water { 1 N NaCl water | 1 N NaCl water 1 N NaCl 
time (hours) 
6 1 | 6 ey 1 1 6 
-6 
17 2.7 6.3 1.5 4.2 
2 41,0, 10 0.016 
10°* 2.2 - 
a 0.076 - - - - 
8 0012 = = . 
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the amounts of alumina passing into solution, but these amounts are later less than in the exper{ments with water. 
As we have shown previously (3), in the interaction of sodium aluminosilicates with water, part of the aluminum ions 
are adsorbed by the residual film from the solution. An analogous phenomenon is observed also in experiments with 
sodium chloride solution. In experiments with water it was found that the amount of adsorbed aluminum fons is 
greater when the original glass is less stable, i.e., when the structure of the residual surface film is more open. Cor- 
respondingly, the enhanced breakdown of the residual film resulting from the action of sodium chloride solution — _ 
which will probably make the structure of the film more open — will facilitate the adsorption of aluminum ions on 
the surface. This is probably the explanation of the fact that in the experiments with sodium chloride solution the 
value of 8 does not increase with time, but diminishes. 


The presence of sodium chloride in the solution increases also the rate of dissolution of quartz glass in caus- 
tic alkalis. Thus, whereas for the action of a solution containing only caustic soda the value of ngig, for 1 hour fs 
0.9-10°* mole/cm? in a 0.01 N solution and 2.4- 10~* mole/cm? in a 0.1 N solution, in a solution containing also 
sodium chloride at normal concenwation the corresponding values of n Si, ate 10 and 2.9- mole/cm?. 
Hence, increases in the concentrations of alkali and sodium chloride have the same effect on the rate of dissolution 
of quartz glass as on the rate of dissolution of the siliceous fiims on the surface of vitreous sodium sflicates and 
aluminosilicates. As we have already indicated [4], on the surface of quartz glass there may be-Si—OH groups, 
which are capable of participating in ion exchange. It is possible that a similar type of exchange adsorption of sod- | 
ium ions at the surface may have the same role for quartz glass as that played for other glasses by increase in the 
concentration of sodium fons in the layer of the siliceous film at the interface with the solution. 


TABLE 3 


Interaction of Vitreous Sodium Silicates with Calcium Chloride Solutions 


Composition get Index Time (hours) 


- 
Water 47 62 
Rsio, * 10-* 5.8 9.3 
Bya,o 10% (c) | 9.2 24 41 52 
2Na,0° 10-8 (1) 9.4 26 29 34 
0.15 0.46 0.59 0.74 
(c) 8.1 14 46 
(t) 8.4 14 30 
nsio,* 10 0.07 0.13 0.32 
14 39 


Dsio, * 
Na,O 2si0, 


1078 (c) 47 

10S (r- 8.1 | 14 37 41 
without CO,} 

(r) 13 28 


BsiO,* 0.22 0.30 


9.1 


Water 
0.24 
Na,O- 2.3SiO 
4.4 11 18 24 
4.5 11 11 9 
0.08 0.16 0.16 0.12 


0.1N (c) 
CaCl, 10°*(t) 
Water 1.6 25 3.6 4.1 
0.040 0.046 | 0.065 0.078 
Na,O- 3Si0, 
0.1N 10°§ (c) - 1.3 2.0 3.1 3.9 
CaCl, (1) - 1.1 0.6 0.4 - 
10°° 0.033 0.025 | 0.024 0.024 


Note: (c) indicates values of nNa,O obtained colorimetrically; (t) indicates titration in presence of CO, of the air; 
(t without CO,) indicates titration in absence of CQ,. 
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Interaction of vitreous sodium silicates with calcium chloride ‘solutions, The interaction of four sodium — 
silicates with calcium chloride solutions was studied. The experiments were carried out at 40°. In most of the 
experiments the concentration of calcium chloride was 0.1 N, but for sodium disilicate experiments were carried 
out also with 0.01 and 0.2 N solutions. The calcium chloride solutions were prepared by the dilution of a stock 5 
N solution of calcium chloride to the required concenwation with distilled water, which was previously boiled in a 
silver beaker to remove CO, and then cooled rapidly. As ourtmain means for the determination of Na,O in solution 
we selected a colorimetric method, which gives the total amount of sodium in the solution. We also titrated the 

solution The results of the experiments are given in Table 3. In the experiments with the silicate Na,O- 1.7SiQ,, 
spongy growths formed on the surface of the sample; on the outside of these there were white flocks (apparently 
CaCO,), and underneath there were semitransparent formations containing silica. The results f these experiments 
are, therefore, not comparable with those of the other experiments. 


In the experiments with vitreous sodium disilicate the presence of calcium chloride in the solution reduced 
tne values of 23.9 to approximately the same extent as the corresponding concentrations (0.01 and 0.1 N) of 
sxtium chloride did [10]. At the beginning of the experiment (in the first 1-2 hours) the amounts of Na,O found 
in the solution by the two methods coincided within the limits of experimental error. After two hours the amounts 
of Na,O determined colorimesrically were appreciably higher than those found by titration. At about the same 
time a white substance made its appearance on the surface of the solution. This substance was found to be calcium 
carbonate, the formation of which by the reaction 


CaCl, + 2NaOH + CO, = CaCO,+ 2NaCl+ H,O (2) 


led to the removal from the solution of part of the alkali that had passed inio it and so to the difference between 
the values of nNa,0 found by titration and the values determined colorimewically. 


In order to avoid absorption of CO, from the afr in the experiments with 0.2 N CaCl, the beaker containing 
the solution was closed with a silver cover provided with hydraulic seals for a stirrer and two tubes. Tests were 
taken through one of the tubes, and through the other air freed from CO,,was passed over the surface of the solu- 
tion. The previously prepared solution was boiled in a silver beaker to remove carbon dioxide, brought to the ori- 

ginal volume (by weighing), and cooled with the cover in position without access of carbon dioxide. When this 

procecure was adopted, the discrepancies between the values of DNa,0 obtained colorimewically and by titration 
were within the limits of experimental error. The somewhat lower values obtained by the titration method at the 

nd of the experiment may indicate slight absorption of calcium ions by the siliceous film in accordance with the 
reaction (1) Im any case, in order of magnitude this absorption is not greater than 3- 10~* mole/cm*. The amount 
of silicic acid found in the solution was considerably less in the experiments with calcium chloride solutions than 
in the experiments with water. As in previous work, control experiments were made on the determination of silicic 
acic in solution after it had been converted into a molecularly dispersed state. The results df these determinations 
give us reason to consider that the greater part, if not all, of the silicic acid {s present in solution in a molecularly 
dispersed state. 


In the interaction of the silicates Na,O- 2.3SiO, and Na,O- 3SiO, with calcium chloride solutions, the values 
ofn Na,O Were again found to be lower than in the experiments with water. During the first two hours of the ex- 
periments with Na,O- 2.3SiO, the amount of Na,O found in the solution by titration was almost identical with the 
amount found colorimetrically, indicating that in this case the amount of CaO absorbed did not exceed 2-107" 
mole/cm*. Later, however. the values of 1.Na,O found by titration not only did not increase, but even began to 
¢ciminish. For both silicates the amounts of silicic acid found in solution in parallel experiments varied greatly 
(by as much as + 30% from the mean value). Also, toward the end of the experiment Rsio, even began to fall 
in value. 


Microscopic investigation of the scum formed on the surface of the solution during the experiments showed 
that it consisted of crystals of two modifications of calcium carbonate — calcite (large rhombic crystals having a 
refractive index of 1.658) and aragonite. Exactly similar crystals were formed un the surface of a solution of cal- 
cium chloride to which alkali had been added, when this was kept under conditions analogous to those of the ex- 
periments. Spec-rum analysis of the scum showed that it contained only traces of silicic acid. Crystals of calcite 
were Cetected also on the surface of samples of the investigated silicates after experiments conducted in presence 
of atmospheric carbon dioxide. After treatment of a silicate of composition Na,O- 4SiO, — which was investigated 
also by Gastev [7] — with 0.01 N CaCl, for one hour at 60° (the conditions of one of Gastev’s experiments), a large 
number cf fine crystals were found on the surface of the sample. When we increased the duration of the experiment 
to six hours, we obtained fauly large crystals of calcite on the surface of the sample (see figure). 
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In experiments with sodium disilicate conducted in absence of carbon dioxide, formation of calcium carbon- 
ate was not detected. When, however, the sample was taken from the solution and placed under the microscope, 
the formation of very fine calcite crystals could be detected already after 5-10 minutes. In the course of this time 
an appreciable amount of scum formed on the surface of the solution. 


It will be clear from the results described that the interaction of vitreous sodium silicates with calcium 
chloride solutions is considerably more complex than the processes occurring when only univalent sodium and 
hydrogen fons are present in solution. On the basis of the high yalency of calcium fons as compared with sodium 
ions, it might be expected that the former would be vigorously absorbed by the residual film and would, therefore, 
have a much greater retarding action on the rate at which Na,O passes into solution. Actually, however, the re- 
tarding action of calcium chloride solutions was found to be approximately the same as that of sodium chloride 
solutions of the corresponding concentrations. Moreover, when the concentration of calcium ions is increased from 
0.01 to 0.2 N, their retarding action remains practically unchanged. It may, therefore, be supposed that calcium 
ions do not penetrate deeply into the siliceous film, but are merely adsorbed on its surface. This view is confirmed 
by findings reported in the literature, namely, that calcium ions enter a glass surface during electrolysis only with 
difficultly [11] and that they have practically no effect on the potential of a glass electrode [12] Nevertheless, 
the appreciable reduction in the values of ncig,. as compared with the values obtained for water, indicates that 
small amounts of calcium ions are adsorbed on the surface of the film, thus retarding its dissolution. 


TABLE 4 


Interaction of Vitreous Sodium Disilicate with Aqueous Solutions Containing Aluminum Salts 


Water 10°¢ 


0.01 N 
HC1+ 0.003 N 
AlCl, 


0.01 N 21 32 38 48 
KOH + 0.003 N 2.0 3.9 6.2 9.4 
AlCl, 0.048 0.057 0.081 0.10 


In the interaction of vitreous sodium silicates with calcium chloride solution, several secondary processes © 
may occur which complicate the general picture of the phenomenon, for example, the formation of a precipitate 
of calcium carbonate Moreover, in some experiments we observed a reduction in the concentration of silica with 
time. but we did not succeed in finding the cause of this effect because the concentrations of the solutions were 
very low. Our results show that precipitation of calcium carbonate from solution could have occurred also in 


Gastev’s work [7]. In work with powders such precipitation could (and apparently did) remain unnoticed, so that 
the observed effect of increased stability could be overestimated. 


18 30 q 47 62 - 16 
10° 3.2 4.2 5.8 9.3 13 
| @ 0.09 0.07 0.06 0.08 0.09 
0.003 N 22,0," 10°* 22 32 49 65 83 
AlCl, 0.71 1.4 3.4 5.1 
a 0.016 0.015 - 0.015 0.026 0.030 
0.01 N 10°* 23 40 16 87 102, 
HCl 0.08 0.20 0.66 4.6 
a 0.002. 0.003 0.004 0.012 - 0,022 
| 2Na,0° 24 5 15 93 
Asia," 0.10 0.11 0.26 0.55 | 0.72 
'@ 0.002 0.001 0.002 0.003 0.003 
0,01 N 4.9 2 50 64 
KOH | 40 12 109 
a 0.24 0.70 0.72 0.84 
| 543 


Interaction of Vitreous Sodium Disilicate with Aluminum Chloride Solution. Experiments were carried out 
on the interaction of vitreous sodium ditilicate with water, 0.01 N HCl, and 0.01 N KOH in presence of aluminum 
chloride at 40°. The results are given in Table 4. In an acid medium and in water the presence of aluminum chlor- 
ice in the solution had little effect on the rate at which Na,O passed into solution. In an alkaline medium the rate 
at which sodium ions passed from the glass to the solution in presence of aluminum chloride rose at first, and then 
feil. It is interesting to note that the incorporation of alumina in vitreous sodium silicates lowers the rate at which 
sodium fons pass from the glass to the solution — this fact has been established in our previous investigations. The 
mechanism of the action of the aluminum ions present in the solution is thus quite different. This again confirms 
the conclusion reached above, namely, that it is incorrect to make inferences relating to the part slaved by fons 
in the glass from a study of the action of aqueous solutions containing these fons on glass. 


As can be seen from Table 4, addition of aluminum chloride to water and to 0.01 N solutions of acid and 
alkali greatly diminishes the rate at which silica passes from the glass to the solution. In this respect the effect 
of aluminum chloride is analogous to that of calcium chloride. The process of breakdown of vitreous sodium di- 
silicate by solutions of aluminum salts can be represented as proceeding in two stages. The first stage is the ex- 
change of sodium ions from the glass for hydrogen ions from the solution, so that a siliceous film is formed at the 
surface This filn, and also, pos-ibly, partially dissolved silica, then interacts with aluminum salts — or, in an 
alkaline medium, with aluminates — with formation of difficuluy soluble colloidal hydrated aluminosilicates at 
the surface. As is well-known, reactions between silicic acid and solut.ons of aluminates proceed readily with for- 
mation of permutite{13]. When aqueous solutions containing aluminum ions interact with vitreous silicates, it 
may be expected that analogous aluminosilicates will form at the surface of the giass. As a result of the effects 
discussed we observe a reduction in the rate of breakdown of sodium disilicate when aluminum salts are introduced 
into the solution. 


SUMMARY 


1. The interaction of vitreous sodium silicates and aluminosilicates with solutions of sodium, calcium, and 
aluminum chlorides was studied. 


a 


2. It was found that, with increase in the concentration of sodium chloride in the solution, there was a re- 
cuction in the rate at which Na,O passed from the glass into the solution and an increase in the rate at which silic- 
ic acid passed into the solution. 


3. It was shown that, when vitreous sodiurn silicates interact with calcium chloride solutions in presence of 
carbon dioxide, secondary processes occur with the formation of precipitates of calcium carbonate. 


4. It was shown that in treatments with calcium chloride and aluminum chloride solutions the breakdown of 
the silica skeleton of silicate glasses is greatly retarded. 
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Calcite crystals on the surface of a vitreous silicate of com- 
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PHYSICOCHEMICAL STUDY OF LITHIUM PEROXIDE 


T. V. Rode, T. A. Dobrynina and G. A. Golder 


The possibility of the existence of a lithium peroxide was first suggested by Kralovanszky [1] in 1828. This 
author considered that when LiOH or Li,CO, is heated in the air Li,O, is formed In 1857 Trost (2) passed dry oxy- 
gen over lithium heated to 200° and obtained a substance containing more oxygen than lithium oxide. This sub- 
stance decolorized a solution of indigo in hydrochloric acid, was unstable to heat, and reacted ai high temperature 
with gold, silver, and platinum. Trost [2] tsed iron crucibles in his work. De Forcrard [3] states that the combus- 
tion of lithium in oxygen yields only traces of lithium peroxide, since the latter is unstable at the combustion tem- 
perature of lithium and decomposes into lithiura oxide and oxygen. 


Attempts by other authors (4, 5] to prepare lithium peroxide at an oxygen pressure of 100 atm from lithium 
hydroxide [4] and from lithium oxide [5] at temperatures ranging from 875° to 570° were not successful. The attempts 
failed because the temperatures used were too high. In a previous paper [6] we have shown, aud in the present in- 


vestigation we have confirmed, that at atmospheric pressure decomposition of lithium peroxide occurs over the range 
285-315". 


Another method for the preparation of alkali-metal peroxides, consisting in the oxidation of solutions of the 
metals in ammonia at low temperature, did not give satisfactory results in the case of lithium. 


Pierron [7] studied the effects of concentration, temperature, and rate of passage of oxygen on the oxidation 
of a solution of lithium in liquid ammonia. A mixture of lithium oxide and lithium peroxide was — obtained, 
and the maximum yield of Li,O, did not exceed 23%. 


The principal method for the preparation of lithium peroxide consists. in the oxidation of aqueous-alcoholic 
solutions of lithium hydroxide with hydrogen peroxide. This method was first proposed by de Forcrand. By the ae- 
tion of a large excess of H,O, on an aqueous-alcoholic solution of lithium hydroxide, de Forcrand obtained the 
compound Li,O,- H,O,- 3H,0, and after dehydration in a vacuum over phosphoric oxide at room temperature for 
28 days this yielded almost anhydrous lithium peroxide (Li,Q, - 0.15H,O}. Pierron [7] modified de Forcrand’s meth-. 
od by raising the precipitation temperaturz to the boiling point and using 9% ethanol to dissolve the lithium hy- 
droxide. The precipitate obtained was washed with boiling alcohol aad vacuum-dried over phosphoric oxide, when 
it was found to have the composition Li,O, -0.01L4,0. Cohen (8) treated lithium ethoxide with hydrogen peroxide 
in an atmosphere of dry helium and obtained the compound LiOOH~H,0 (or Li,O, - H,O, - 2H,O), which yielded 
anhydrous lithium peroxide after being vacuum-dried over phosphoric oxide for 18 days. 


In the patent literature a number of methods are given for the preparation of lithium peroxide in presence 
of various organic substances that facilitate the dehydration of the products [9] or the oxidation of the alkali-metal 
ethoxide [10-13]. In 1951 Thompson and Kleinberg [14-15] studied the absorption spectrum of a preparation and 
showed that it is analogous to the absorption spectra of the higher peroxides of sodium and potassium. On the basis 
of these results the authors [14] postulate the existence of the higher peroxide of lithium LiO,, stable at —78°. 


The properties of lithium peroxide have received little study. In 1932 Blumenthal [16] investigated the ther- 
mal dissociation of Li,O, by the dynamic method. According to this author's results, a dissociation pressure of 790 
mm is already reached at 198°. We, however, have shown that Li,O, begins to lose oxygen only at 285-315" [6]. 
According to Blumenthal’s results [16], the heat of dissociation of Li,O, to Li,O+ ¥40, is 13.6 kcal; the heat of 
formation of the peroxide from its elements is 144.8 kcal [17, 18]. In 1953 Rode and Dobrynina [6], working on 
the thermal analysis of lithium peroxide, established the existence of two modifications of lithium peroxide: 
a -Li,O,, stable up to 225°, and 8 -Li,Q,, stable up to 300-315°, above which temperature the 8 -modification of 
lithium peroxide decomposes to the oxide. In the same work it was established that the lithium oxide formed by 
the decomposition does not react with stainless steel, but reacts with the glass of the vessel at 495°. 


The crystal structure of lithium peroxide has been investigated by several authors [8, 9, 20, 21]. In the 
earliest X-ray investigations [8, 19, 20], Li,O, crystals were assigned tetragonal symmetry with cell dimensions 
of a= 5.48 A, c= 7.74 A, and a/c= 0.708 A. These values, however, led to considerable discrepancies between 


the measured and calculated values of the density (0 meas = 2-297 g/cc, Ocaic, = 256 g/cc) and the assignment 
of indices to the diffraction lines was found to be ambiguous. In a recent paper by Feher and coworkers [21], a 
hexagonal cell is assigned to lithium peroxide, its parameters being a= 6.305 A, c= 7.710 A, and a/c = 0.8197 A, 
From these cell dimensions and the measured density the authors calculated the number of atoms in the elementary 
cell to be z= 8. The calculated value of the density waso = 2.48 g/cc. Optical investigations by these authors 
[21] showed the presence of an axis of symmetry of the sixth order in lithium peroxide crystals. Below, we give 

our results on the X-ray investigation of the a- and 8 -modifications of lithium peroxide; they confirm the results 
obtained by Feher and coworkers (21) for the a -modification. 


EXPERIMENTAL 


Experimental Procedure 


We carried out a physicochemical study of the system consisting of lithium peroxide and lichium oxide, 
using various methods of physicochemical analysis: in addition to investigation of composition- temperature curves . 
under dynamic conditions on a torsion balance and chemical and X-ray analysis of the starting materials, intermed- 
iate products, and final products formed by heat, we carried out a precise thermographic investigation coupled with 
parallel determinations of the amount of oxygen evolved. As a result of this complex study we obtained the com:- 
position-temperature diagram for the system L1,0,—Li,O. 


The thermograms were recorded on a Kurnakov photo-registering pyrometer, 
which {s described in detail in a book by Berg, Nikolaev and Rode [22]. Heating 
was carried out in accordance with a swaight-line law in a crucible furnace, which 
was connected to the mains through a voltage regulator. Heating was at the rate 
of 6° per minute. Two thermograms were recorded at a rate of 100° per minute 
by the method proposed by Berg and Rassonsaya [23]. Accuracy in the thermo- 
graphic recording was attained by considerably reducing the amount takea, which 
was from 0.07 to 0.2 g. 


Thermograms were determined in silica test tubes, in stainless steel beakers, 
and also in Pyrex Stepanov vessels [22], which we modified slightly (see Fig. 1). 
In all experiments the test samples were taken in a chamber containing air freed 
from moisture and carbon dioxide by suitable absorbents (P,O;, Na,O, and KO,). 
The exit tubes of the Stepanov vessels were connected via a sulfuric acid absor- 
ber to a measuring buret, by means of which the kinetics of oxygen evolution 
could be followed during the recording of the thermogram, so that polytherms 
for the decomposition of the investigated samples could be obtained. The gas 
was brought to normal conditions, and a correttion was made for its thermal - 
expansion. In experiments carried out in Stepanov vessels, the specimens were 
Fig 1. Vessel for determining again isolated from moistuwe and atmospheric carbon dioxide during the heat- 
the thermogram with simulta _ing process. 
neous Measurement of evolved 


gas In order to interpret the thermal effects observed on the thermograms, 


separate experiments were carried out in which specimens were heated to tem- 

peratures below and above those of the thermal effects. These specimens were 
investigated by X-ray and chemical analysis, and for control purposes their thermographs were determined. The 
chemical analysis was for active oxygen, which was determined from the volume of gas evolved in the catalytic 
decomposition of the specimens with cobalt sulfate solution. 


For X-ray analysis the specimens were placed in Pyrex capillaries in the dry chamber referred to above. 
Copper radiation with a nickel filter was used in a RKU-114 camera. The spacing of the interference lines was 
measured with an IZA-2 comparator having a modified optical system, the magnification being about 4. 


Composition-temperature range curves were determined under dynamic conditions from the loss in weight 
of the substance, which was measured on a torsion balance. Weighing was performed without removing the speci- 
mens from the vertical tube furnace, so as not to disturb the course of the heating of the substance. Readings 
were taken every minute. Heating was carried out both in an atmosphere of dry air and in a stream of dry oxygen, 
the rate of heating being 13, 5.5, and 1.5 degrees per minute. The lithium peroxide was synthesized by Dobrynina 


and had the following composition: lithium peroxide — 98.937; total impurity (H,O and H,O,) — 1.07%; CO, — 
none detected. 


Thermographic Investigation 


Fig. 2 shows the differential thermogram for lithium peroxide (Curve 1) and the simultaneous record (poly- 
therm) of the amount of oxygen evolved during heating (Curve 2). Along the axis of abscissas time is plotted in 
minutes for both curves. The data for Curve 2 are given in Table 1. 


The differential thermogram (Curve 1, Fig 2) shows the presence of the following thermal effects: at the 
beginning, at about 100°. there is scarcely appreciable inflection corresponding to the removal of loosely bound 
water; then, from 225° to 235°, there is a well-marked irreversible exothermic effect. Chemical analysis of a 
specimen heated — also in a Stepanov vessel — to 250°, i.e., above the temperature for the effect, showed that this 
effect is not accompanied by change in the composition of the substance. This can be seen also from Curve 2 
(Fig. 2) for the evolution of oxygen, for in the section corresponding to this exothermic effect no evolution of gas 
has yet occurred. The irreversibility of this effect was established by an examination of the curves (not given here) 


TABLE 1 


Evolution of Gas During the Heating of Lithium Peroxide 


Time Tempera- | Volume of gas | Reading of differen-| Time |Tempera-| Volume of eee of differen- 
(minutes) | ture (C) | evolved (ml at | tial galvanometer [minutes) | ture jgas evolved jtial galvanometef 
STP) (scale divisions) (ml at STP) 


scale divisions) 


0 47 33.5 —5.0 
15 145 0 -0.5 -| 48 - 41 -5.0 
25 210 0.0 -0.7 49 - 47.2 -4.5 
37 295 0.5 -0.7 50 367 50.2 -2.5 
39 - 1.6 -0.8 51 315 514 -0.2 
41 315 5.0. -1.3 58 - 51.4 +1.0 
42 - 1.8 65 437 52.4 + 2.0 
43 325 9 - 82 - 53.4 +47 
44 - 11 -217 103 580 54.5 | +45 
45 - 18.5 -3.5 qs - 54.5 


54.5 +4.5 


wh 


70 


Fig. 2. Thermogram for lithium peroxide, with simultaneous record of the decom- 
position polytherm. 
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for the cooling of preparations heated to 250° and for the reheating of the same preparations. The irreversibility 
of the process and the constancy of composition gave reason to suppose that this exothermic effect is associated 
with a polymorphous transformation of lithium peroxide. As will be seen below, X-ray analysis confirmed the cor- 
recmess of our supposition regarding the nature of this effect and the existence, therefore, of lithium peroxide in 
two modifications. The first of these, which is obtained under. the usual conditions of synthesis and is stable up to 
205", we have called @-Li,O, (6), and the second, which is formed as the result of changes occurring at 225° and is 
stable up to 285-315", we have called 6 -Li,Q,. 


403%447° 


MIN. 


Fig. 3. Thermogram for lithium peroxide determined in a steel vessel without exclu- 
sion of moisture and atmospheric carbon dioxide: a) resistance 300 ohms; b) resis- 
tance 100 ohms* 


Further along the thermograra (Fig. 2) there is a very large endothermic effect beginning at 315°, which 
is accompanied by vigorous evolution of oxygen and so corresponds to the decomposition of the 8 -modification 

of lithium peroxide. The decomposition polytherm for L1,0, (Curve 2, Fig. 2, and Table 1) has a sharp rise as- — 
sociated with vigorous evolution of oxygen exactly in the region of this endothermic effect. The chemical analy- 
sis of a preparation that had been heated in a Stepanov vessel to 315° showed that it corresponded in composition 
to Li,O; 9;. This indicates that slow decomposition of the 8 -modification of Li,O, begins somewhat below 315°. 
This is shown also by an examination of the decomposition polytherm for lithium peroxide (Curve 2, Fig. 2, and 
Table 1). Chemical analysis of a preparation that had been heated with exclusion of moisture and atmospheric 
carbon dioxide to 375° showed that it corresponded in composition to Li,O, 95, which again confirms the correct- 
ness of our explanation of the effect as due to the decomposition of the 8 -modification of lithium peroxide. How- 
ever, the decomposition product is not pure lithium oxide, but is a preparation containing a slight excess of active 
oxygen (Li,0, 95). 


Finally, at 495-510" there is a small but clearly marked exothermic effect on the thermogram, which might 
possibly be explained by the crystallization of amorphous lithium oxide formed in the decomposition. However, 
the X-radiogram of a preparation obtained by treatment in absence of moisture and atmospheric carbon dioxide at 
375°. i.e.. immediately above the temperature of the decomposition effect, showed that lithium oxide is formed 
cirectly in the crystalline state (see below in the section on X-ray studies; see also Table 4). Further investigation 
showed that this exothermic effect corresponded to interaction with the glass of the vessel. In order to exclude the 


* This description of the curves does not appear to be correct. See text. [Publisher]. 
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possibility of such interaction we determined the thermogram in a 0.5 mil stainless steel beaker, and the curve ob- 
tained is given in Fig. 3a. On this curve there are again some well-defined effects: an exothermic effect corres- 
ponding to the conversion of the a-modification of lithium peroxide into the 8 -modification, which begins here 
at 210°, and an endothermic effect corresponding to the decomposition of the 8 -modification of lithium peroxide, 
which begins at 315°. Beyond this point there is no exothermic effect to be found on the thermogram. The dis+ 
appearance of the exothermic effect at 495-510° on the thermogram when Pyrex glass is replaced by stainless steel 
confirms that this exothermic effect corresponds with the interaction of lithium oxide formed by decomposition of 
the peroxide with the glass of the vessel. This is confirmed also by a thermogram determined in a quartz-glass 
test tube (Fig. 3b), the conditions then being such that the interaction of lithium oxide with the glass will be even 
greater. On this thermogram the exothermic effect for the interaction of the lithium oxide formed with silica, 
which begins at 495°, is even more marked than in the experiments in a Pyrex-glass vessel. 


Kracek [24] has studied the phase diagram for the binary system lithium oxide—silica, and he established 
the existence of three intermediate compounds in this system: 2Li,O-SiO,, Li,O-SiO,, and Li,O- 2SiO,. Austin 
[25] gives X-ray data for all these three compounds. The chemical analysis of the preparation that we obtained 
in a quartz vessel heated to 658” and a-comparison of its X-radiogram with the X-radiograms given by Austin [25} 
(see below, Table 5) completely confirm the results of thermogirapliic and chemical analysis, namely, that the lith- 


ium oxide formed reacts with the glass of the vessel at aout 500° with formation of lithium monosilicate 
Li,O- SiO, (Li,SiO,). 


On the thermograms determined in steel beakers and quartz test tubes (Fi, 3a and 3b), ie., under conditions 
such that the specimens were not isolated from the action of atmospheric moisture, we observed two additional small 
endothermic effects beginning at about 400° and at about 445”, respectively; these were due to the action of atmos- 
pheric moisture and the formation of a small amount of lithium hydroxide. 


It is reported in the literature [17, 18] that lithium peroxide is not hygroscopic, but this is not true. Our ob- 
servations have shown that, when allowed to stand in a desiccator over dilute ( 27) sulfuric acid, both the @- and 
8 -modifications of lithium peroxide avidly absorb moisture with formation of lithium hydroxide. Both of the addi- 
tional effects referred to above — at 403-415° and at 445° ~ correspond to the presence of lithium hydroxide, which 
undergoes a polymorphous change when the first effect occurs, as established in the work of Khitrov, Khitrova and 
Khmelkov [26], and melts without decomposition when the second effect occurs. 


The hypothesis that we advanced in a previous paper [6] regarding the cause of the first of these additional 
effects (at 403-415)(removal of water in excess of that required by the formula LiOH) has not been confirmed. 


This effect is analogous to the effect given by sodium hydroxide and is to be explained by the occurrence of a 
polymorphous change of lithium oxide. 


On a thermogram for Li,O, determined in a vacuum with continuous removal of the oxygen evolved by 
pumping. the endothermic effect for the decomposition of the 6 -modification of Li,O, began at 283°. The rate 
of heating. which also has an effect on the decomposition temperature, was the same in both cases, namely, 6 


degrees per minute. It follows, therefore, that with reduction of pressure the decomposition temperature of 
8 -Li,O, falls. 


On thermograms determined at 100 degrees per minute, which are not given here, the beginning of the endo- 
thermic decomposition effect was at 390°. 


Curves for the Loss in Weight, Determined on a Torsion Balance 


Fig. 4 shows curves for the dependence of the loss in weight, as determined with a torsion balance, on time, 
and Fig. 5 shows curves for its dependence on temperature. An examination of the curves in Figs. 4 and 5 shows 
that increase in the rate of heating raises the temperature at which decomposition of § -Li,O, begins. at 13 de- 
grees per minute (Curve 1) decomposition began at about 310°; at 5.5 degrees per minute (Curve 2) it began at 
288°; and at 1.6 degrees per minute (Curve 3) it began at 28%. Comparison of the curves given in Fig. 5 shows 


that increase in the rate of heating displaces the whole of the curve for the loss of weight into the region of higher 
temperatures. 


Two curves determined at 5.5 degrees per minute, one obtained by heating Li,O, in an atmosphere of dry air, 


and the other obtained in a stream of dry oxygen, show that, as might be expected, the presence of oxygen some- 
what retards the decomposition of lithium peroxide. 
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Fig 4. Curve for the dependence of the loss in weight of lithium Fig. 5. Curve for the dependence of the loss 
peroxide in an atmosphere of air on the rate of heating: 1) 13° per _—in weight of lithium peroxide in at atmosphere 
minute, 127 ohms; 2) 5.5° per minute, 100 ohms; 3) 1.6° per minute, of air on the rate of heating: 1) 13° per min- 

70 ohms. ute; 2) 5.5° per minute. 


Results of an X-Ray Study of Preparations Obtained by Heating Lithium Peroxide 


In recent work by Feher and coworkers [21] it was established the! lithium peroxide synthesized in the usual 
way has hexagonal syngony with cell parameters of a = 6.305 A, c= 7.710 A, and a/c = 0.8197 A. Table 2 gives 
our results on the interplanar spacing of the a- - modification of lithium peroxide. The data of Feher and coworkers 
[21] is given in the same table for comparison, and they agree very well with ours. All of the observed iines can 
be assigned to indices of the hexagonal lattice. Our results, therefore, confirm those of Feher [21] and show that 
the @-modification has hexagonal syngony with the cell parameters given above; they conflict with the results of 
previous authors (8. 9, 20], which assign a tetragonal cell to this substance. 


TABLE 2 TABLE 3 


Interplanar Spacing of @ -Li,O, 


Interplanar Spacing of 6 -Li,O, 


1 | weak medium medium 
2 | strong v. strong strong 
3 | v.strong {2.59 | v. strong medium medium 
4 |mod, strong) 2.23 | medium v. weak 
5 v. weak ‘20 weak 
- 
> | medium /1.87 |medium _|1.88 | 023 The 8 -modification of lithium peroxide, the existence 
strong /|1.58 | strong 1.58 | 220 
, os. of which had beenrestablished by the method of thermography, 
was synthesized in a separate experiment from the @-modifica- 
9 strong 11.34 | mod. strong!1.34 | 223 P 
j tion by heating it for six hours at 235° in a current of dry oxy- 
10 | weak = |1.29 | weak 1.29 | 042 
. gen. Its interplanar spacing is given in Table 3. However, 
11 | weak ,1.22 | weak 1.21 | 043 
: : as the crystals of 8 -Li,O, evidently belong to a lower syngony, 
12 ; medium /1.02|medium [1.02 | 045 ible t f in 
13 | medium /1.00 |medium 0.993 | 226 


dices and the calculation of parameters. 


It was established by thermography and simultaneous determination of decomposition polytherms that lithium 
peroxide decomposes at about 300-315° with formation of lithium oxide when the specimen is well-isolated from 
the action of atmospheric moisture and carbon dioxide. In view of the presence of an exothermic effect at 495° 
on the Li,O, thermogram, the question arose of whether this was a crystallization effect of lithium oxide formed in 
the amorphous state. Hence, in a separate experiment a sample of Li,O, was heated to 350° with careful exclusion 
of moisture and carbon dioxide. The X-radiogram of this sample showed that it consisted of crystalline lithium 
oxide. Its interplanar spacing is given in Table 4. Mensuration of the X-radiogram gave spacings in good agree- 


ment with those reported in the literature [27-29] for the cubic lattice of lithium oxide having the parameter 
a= 4.619 A. 


33° 
! 
10 
‘ 
4 
No Our results  Feher's results hkl No. BE 
d 
| 
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TABLE 4 TABLE 5 


Interplanar Spacing of Li,O 


Interplanar Spacing of Preparation No. 10, Heated to 658° 
in a Quartz Stepanov Vessel 


No. | Data for Preparation No.10| Data of Austin for Li,SiO, [25] 


1 v. strong 

2 weak 200 1 medium v. strong 
3 Vv. strong 220 2 medium medium 
4 strong 311 3 strong medium 
5 medium 400 4 Vv. strong 2.7 Vv. strong 
6 medium 331. 5 strong 2.37 medium 
1 strong 422 6 weak 1.79 weak 

8 medium $11 7 medium. 1.65 weak 

9 medium 440 8 medium 1.58 medium 


medium 


TABLE 6 


Composition-Temperature Diagram for the System 
Li,O,—Li,O (under conditions of careful exclusion of atmo- 
spheric moisture and carbon dioxide) 


Temperature 


Composition X-ray data 


20 
200 
215 
235 


a-Li,0, _ Given in Table 5 

a -Li,O, | Identical with preceding 
a -Li,O, | Ditto 

8 -Li,O, : Given in Table 6 

315 8 -Li,O, 
350  Li,O; 95 


SS 


Given in Table 7 LAs 
{ 480 Identical with preceding 

(heated in a quartz vessel) for the system lithium peroxide —lithium 

* Observed displacemeni of interference Sines is within limits — oxide. 

of experimental error. 


Table 5 gives the interplanar spacing of Preparation No. 10. This material was obtained as the result of the 
determination of a thermogram for temperatures up to 658° in a Stepanov vessel, which was completely destroyed 
by the end of the experiment. Compaiison of the results obtained for this preparation with Austin’s results [25], 
which are given in the same table, confirms the suggestion made above concerning the formation of lithium mono- 
silicate Li,SiO, by reaction of lithium oxide with the glass of the vessel at temperatures above 500°. 


Composition-Temperature Diagram for the System Li,O,—Li,O 


We have also determined the composition-temperature diagram for the system Li,O,—Li,O. Weighed samples 
of lithium peroxide were heated in Stepanov vessels at various temperatures (as indicated by the thermograms) for 
several hours. At the end of the treatment the loss in weignt was determined and chemical and X-ray analyses 
were Carried out on the products. A comparative examination of all of the results so obtained made It possible to 


construct the composition-temperature diagram of the lithium peroxide—lithium oxide system, and we give this 
in Fig. 6. The corresponding numerical data are given in Table 6. 


The field of existence of the a- modification of lithium peroxide extends from room temperature to 225°, 
and it does not decompose at this temperature, but passes into the 8 -modification, which is stable up to 280°. Up 
to this temperature, no decomposition of the 8 -modification of lithium peroxide is observed in an atmosphere free 
from moisture and carbon dioxide. Between 280° and 315° very slow decomposition of 6 -Li,O, sets in and proceeds 
until a product of composition Li,O, 9; is obtained. At 315° there {s vigorous decomposition, but complete loss of 
active oxygen to give a product having the composition of lithium oxide is not observed, and the decomposition 
product corresponds to the formula Li,O, 95. Thus, between the compositions 8 -Li,O, and 8 -Li,O, 5; and from Li,O, 9, 
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4.10 
4.02 
3.32 
1.72 
2.35 
| 1.78 
2.66 
1.57 
0.781 0.780 | 531 
No. 
200 
100 
| 
| 
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to Li,O. regions of phases of variable composition are observed, and between the compositions § -Li,O, y, and 
Li,Oj 95 there is a heterogeneous region. 
SUMMARY 


1.A physicochemical study was made of the system Li,O,—Li,O with the application of various methods of © 
physicochemical analysis. Composition-temperature curves were determined under dynamic conditions with a 
torsion balance, chemical and X-ray analyses were made on the original substances and the intermediate and final 
products formed during heating, and also a precision thermographic investigation was carried out with simultaneous 
éetermination of the amount of oxygen evolved. 


2. On the basis of the results of this complex study we constructed the composition-temperature diagram for 
the system lithium peroxide —lithium oxide (Fig. 6). 


3. It was established that in this system there is an irreversible polymorphous change at about 225° and that 
lithium peroxide occurs in two modifications: q-Li,O,, stable to 225°, and 6 -Li,O,, stable to 280-315". 


4. The results of Feher and coworkers [21] concerning the assignment of @-Li,O, to the hexagonal syngony 
(and not the tetragonal, as considered previously) were confirmed. The interplanar spacings of the 6 -modification 
were reported. 


5. Itwas shown experimentally that lithium peroxide decomposes endothermically over the range 315-345" 
(at a rate of heating of 5.5-6 degrees per minute). The beginning of slow decomposition with formation of a pro- 
duct of composition 8 -Li,O; 4; is observed already at 280-315", 


6. It was shovm that, at temperatures of 495° and above, the lithium oxide formed by decomposition reacts. 
exothermically with the glass of the vessel and yields lithium monosilicate. Lithium oxide does not undergo any 
reaction when heated for a short time with stainless steel at 690°. 
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SYNTHESIS OF 2,2°-AZOBIS(2-METHYLPROPIONITRILE] 


LABELED WITH RADIOACTIVE CARBON (C'‘) 


M. M. Koton, T. M. Kiseleva and F. S. Florinsky 


Free radicals are now extensively applied in the initiation of polymerization reactions, and for the detailed 

study of the mechanisms of such reactions initiators containing radioactive carbon in their molecules have been 
‘used [1]. Koton, Kiseleva and Bessonov [2] have synthesized benzoyl peroxide containing radioactive catbon (c™) 
in the carbonyl group, and they showed that benzoyl peroxide breaks down into benzoate radicals which initiate 

} the polymerization of styrene. In view of the extensive use of 2,2°-azobis{2-methylpropionitri-2] as an initiator 
in radical polymerization, we have now carried out the synthesis of this compound labeled wit!’ radioactive car- 


(Cc), 
EXPERIMENTAL 


Preparation of Radioactive Acetone CH,c*fOCHy 


Acetic acid containing radioactive carbon in the carboxyl was prepared [3] for use in the synthesis of radio- 
active acetone: 


BaC“O, + SHCIO, -> Ba(C1O,), + H,O+ C0, 


CH,Mgl + C40, CH,C“OOMg! CH,C“OOH + Mg(OH)I 


Carbon dioxide was prepared in a special apparatus from 0.25 g of active barium carbonate by the action 
of 5 ml of perchloric acid. The carbon dioxide was cooled, first with liquid nitrogen, and then with solid carbon 
dioxide. and 30 ml of 0.8 N ethereal methylmagnesium iodice was added. The reaction mixture was kept for one 
hour in an ice bath and then for one hour at room temperature for completion of the reaction. Decomposition was 
effected with 10% aqueous hydrochloric acid, and the ethereal solution was separated, washed, and dried. Ether 

was distilled off, 2 g of silver sulfate was added to the residue, and acetic acid was distilled over into a titrated 
solution of barium hydroxide. The resulting solution of barium acetate was evaporated to dryness in a ftatinum dish. 
The yield of barium acetate was 0.50 g (78.8%). It was subjected to pyrolysis at 500° [4]: 


(CH,C00),Ba —> BaC'40,+ CH,C“OCH, 


and radioactive acetone was obtained in quantitative yield. 
Preparation of Radioactive 2,2°-Hydrazobis[2-methylpropionitrile] [5] 


A solution of 12.15 g of hydrazine sulfate in 50 ml of water was warmed slightly, and concentrated potass- 
ium cyanide solution (12.15 g of KCN in 15 ml of water) and 10.85 g of radioactive acetone were added. The mix- 
re was stirred vigorously until crystallization set in. After twelve hours the crystals were separated from the li- 


quid, washed with water, and used in the next stage of the synthesis without further purification. . The yield was 
15.0 g. 


Hy CH, 
NH, NH,-H,SO,+ °XCN+ 2CH,C“OCH, —> NC-C™ + K,SO,+ 2H,0 


CH, 3 


Preparation of Radioactive 2,2°-Azobis[2-methylpropionitrile] 


The 2,2’ -hydrazobis[2-methylpropionitrile] prepared as above (15.0 g) was dissolved in 50 ml of ethanol, 
the solution obtained was warmed slightly, and a solution of 15 ml of concentrated hydrochloric acid in 30 ml of 


555 


water was added. The solution was cooled with ice and sait, and it was then stirred vigorously while a solution of 
4g of bromine in 415 ml of water was added slowiy. The end of the oxidation process was indicated by permanent 
coloration of the solution. A white crystalline precipitate formed; it was separated, washed with water, and recry- 
stallized from ether or ethanol. 


Hy CHy CH, 
NC-C'* —NH-NH-C™ —CN + Br, —> 2HBr+ 
Hy H, CH, CH, 


The yield was 6.6 g of substance in the form of fine white crystals, melting with decomposition at 100-103". 


Found %: N 34.05 
CsHyN, Calculated %: N 34.14 


According to the results obtained in S. E. Bresler’s laboratory, the specific activity of the preparation ob- 
tained was 30 ‘nicrocuries per gram. 


SUMMARY 


The synthesis is d*scribed of 2,2" -azobis[2-methylpropionitrile] labeled with radioactive carbon. 


Institute of Macromolecular Compounds of the 
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PRESENT STATE OF THE CATALYSIS PROBLEM AND THE THEORETICAL 


BASIS OF THE SEARCH FOR CATALYSTS 


A. A. Balandin 


(Paper read at a general meeting of the Division of Chemical Sciences 


of the Academy of Sciences of the USSR, March 31, 1955) 


In 1954 there was much activity in the field of catalysis. New monographs on catalysis appeared (Boreskov 
(1), Emmett [2], Advances inCatalysis [3), a section in a book by Semenov [4]).. In April there was a conference 
in Moscow on the electronic properties of catalysts, and at this conference important communications were made 
relating to experimental support for the clectronic theory of catasysis (S. Z. Roginsky, F. F. Volkenshtein) 

the desorption of molecules under the action of light was described (A. N, Terenin). 


In June there was an iaternational conference in Paris on the structure and texture of catalysts [5]. The Soviet 
delegation was headed by B.-A. Kazansky, and papers were read at the conference by G. M. Panchenkov and L, A. 
Nikolaev. The conference again showed the necessity for the application of modern methods in the study of solid 
catalysts, namely, X-ray-structure, electronographic, electron-micrescopic, magnetic, adsorption, thermographic, 
calorimewic, and other methods. Several papers were devoted to the electronic theory of catalysis. 


In October there was an All-Union conference in Alma Ata on hydrogenation and exidation (president of or- 
ganizing committee D. V. Sokolsky) (6). At the end of October, under the initiative of A. V. Topchiev, a confer- 
ence was called in Moscow on the complex chemical treatment of natural and industrial petroleum gases, and about 


one-half of the papers were devoted to applied catalysis. The work of the Moscow Inter-Institute Seminar on Cata- 
lysis was renewed. 


In 1954 a group of scientists with the cooperation of the most eminent specialists on catalysis in the country 
worked out a plan for tackling the problem of the “scientific basis of the selection of catalysts”, which was listed 
by the Presidium of the Academy of Sciences of the USSR among problems of particular importance [7]. In connec- 
tion with the development of the plan, a conference was held in Moscow University, and not only Moscow scientists, 
but also scientists from Leningrad, the Ukraine, White Russia and the Caucasus took part. An important result of the 
work done was the isolation of the central problem in catalysis — the selection of catalysts. Other valuabie results 
were the experiment of combining the efforts of various schools of catalysis, the realization that the theory of cataly- 
sis in its present state is able to indicate what experimental data are required for the solution of the problem, and 
the support given to this undertaking by industry. The development of the theory of catalyst selection on the basis 
of material relating to practically important reactions should result in knowledge enabling us to direct and control 
these reactions better. Investigations on the problem of the scientific basis of the selection of catalysts have been 


included in th plans of several institutes, and they have already been started; a scientific council has been organized 
to deal with this problem, and it has begun work. 


During 1954, important results on inorganic and organic catalysis were published. Of the latter the following 
should be noted: the formation of hydrocarbons having five-membered rings (Kazansky and Liberman [8], Shuikin 
[9]). hydrogenation (Ponomarev [10], Freidlin [11], Sokolsky [12]), alkylation (Turova-Polyak [13]), isomerization 


(Levina [14]), reactions of heterocycles (Yuryev [15], Sultanov [16], Kozlov [17]), mechanism of dehydration (Top- 
A chieva [18] and others). 


The interest in catalysis is understandable, for such important industries as the manufacture of high-quality 
motor fuels, synthetic rubber, plastics, solvents, ammonia, sulfuric and nitric acids, etc., are based on catalysis. 
The volume of production in the catalysis industries is very great, thus in 1953, 137 million tons of gasoline valued 
at 22 billion dollars was manufactured in the U. S. by catalytic cracking [19]. Catalysis and its application are 
developing rapidly. There can be no doubt that in the future a considerable part of the material requirements of 
mankind will be satisfied with the aid of the catalytic treatment of coal, petroleum, gases, water and air. 


| 
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The selection of catalysts has generally been carried out in an empirical fashion. This method is a very slow 
one; for example. it has now become known that in Germany 20,000 substances were tried as catalysts for the syn- 
thesis of ammonia. In forcign counties there are several institutes and large laboratories which work on the selec- 

tion of catalysts. 


It is necessary to find rational, nonempirical methods for the 
selection of catalysts. There are various schools and trends in the 
theory of catalysis: the deformation theory (Zelinsky [20], Bodenstein 
(21}); the theory of intermediate compounds (Sabatier (22)) and its 
modern variant, the theory of intermediate chemisorption (Rideal 
[23], Boreskov [24]); the multiplet theory (Balandin [25]); the thecry 
of nonhomogencity of surface (Taylor [26], Temkin [27], Roginsky 
[28]}): the theory of assemblages (Kobozev [29]); the theory of super- 
saturation (Roginsky [30]); the electron-chemical theory (Riginsky and 
Volkenshtein [31]); the radical-chain theory (Semenov and Voevodsky 
[4]); the theory of absolute reaction rates (Temkin [32], Eyring (33)). 
Recently, a drawing together of different points of view is to be noted 
and several general principles have been elucidated which form the 
general ovuine of a unified theory of catalysis based on the theory of 
the structure of matter. It has been found that different theories often 
tefer to different aspects of the phenomenon and are mutually comple - 
mentary. This is particularly clear when considered in relation to the 
ideas developed by the present author [34] concerning the layered struc- 
ture of the catalytic active complex (Fig. 1). The theories enumerated 
above relate mainly to layers I! and Ill, whereas the work on hydrogena- 
tion by S. V. Lebedev. for example, relates to layer IV, and many of the investigations of S. Yu. Elovich on hydro- 
genation relate to layer VI. 


0 
0 
I 


1 Layers: I) carrier and foreign ma- 
terials; IL) active centers; III) reacting 
atoms: IV) substituents attached to them: 
molecular-adsorption layer: VI) diffu- 
sion layer. 


We shall now examine the contributions made to the development of the problem of the selection of catalysts 
Dy the authors of theories relating to this problem. The chemical theory of intermediate compounds is able to ex- 
plain the selectivity of catalysis by the selectivity of the affinity of catalysts; it was the first to establish the exis- 
tence of a correspondence between reactions and catalysts. Its main defects are that it does not explain the causes 
of catalysis. but ouly indicates the way in which it arises, and that it has nothing to say about the effect of the con- 
citions under which the catalyst is formed. 


The electron-chemical theory is concerned with the electron levels of solid catalysts and molecules, the 
e:ectron donating and electron-accepting properties of molecules, the extent to which the Brillouen zones are 
filled. and the equilibrium of “holes”: it divides catalytic reactions into oxidation-reduction, with electron trans- 
fer, and acid base, with proton transfer. Each of these classes has its own catalysts The theory is strengthened by 
-ts power to deal with promotors, for the action of which it envisages a parallelism with their action on the con- 
cuctivity of semiconductors, and also with variations associated with the mode and conditions of formation of the 
catalyst. It is essential that this progressive theory should be developed into a more concrete form. 


T=e multiplet theory of catalysis occupies a central position, in the sense that there are possible transiticns 
linking it with all of the theories referred to above. The multiplet theory distinguishes reacting, index groups of 
atoms in the molecules, and these become applied to atoms of the catalyst lattice, being atiracted to the Jatter 
dy chemical forces. A consideration of actual configurations and interatomic distances leads to the discovery of 
the existence of structural correspondence, which enables catalysts to be selected in accordance with their structures. 

n this way possible catalysts for the dehydrogenation of six- membered cycles were indicated and, in particular, 
the catalytic activity of rhenium for the dehydrogenation of cyclohexane was predicted. A consideration of the 
energies of bonds within the molecules and of bonds formed ivith the catalyst yields energy correlations which ex- 
plain selectivity. 


A very complete review of the structural aspects of the multiplet theory has been given recently by Trapnell 
(35]. We shall enumerate the new facts that form the basis of the proof of the correctness of the multiplet sextet 
model for the dehydrogenation of cyclohexane hydrocarbons and the hydrogenation of benzene in presence of metals. 
Tne proof is concerned with the view that the active face (111) of a face-centered lattice, the face (1000) of a 
hexagonal lattice, and also the ring lie flas on the surface of the catalyst. 


1. Investigation of Pt, Pd, Ni, Fe, Cu and Ag alloys showed that as their compositions were changed their 
catalytic activity was retained so long as the strucnue required by the theory was retained. These results, which 
were obtained by Long, Frazer and Ott [36] and by Emmett and Skau [37] in 1953, were confirmed in an extensive 
and careful investigation by Rienacker and Unger [38]. 


2. Rubinshtein, Minachev, and Shuikin [39] showed that as the Pt content of platinized charcoal was reduced 


the rate of hydrogenation of benzene changed symbatically with the reduction of the intensity of X-ray reflections 
from the face (111). Reflections from these faces disappear later than those from the others, and the catalytic ac- 
tivity disappears at the same time, 


3. For a long time Beeck and others [40] considered that finely divided nickel owes its activity in hydrogena- 
tion to its (110) faces, since these faces are found on the electron-diffraction diagrams. In 1954 Sachtler, Dorgelo, 
and van der Knaap [41] showed by electron-microscope and electron-diffraction methods that the (110) face of the 
nickel lattice is oriented parallel to the substrate, but, owing to the rapid growth of (110) faces, only (111) and (100) 
faces remain on the surface exposed to the gas phase, so that these faces must be oe active in the given 
reactions. This is in accord with the multiplet theory. 


4. Accordng to Schuit and de Boer [42]. consideration of the area occupied by hydrogen in adsorption experi- 
ments indicates that the (111) and (1000) faces of nickel are active in hydrogenation. 


5. As Isagulyants has shown in our laboratory [43], cyclohexane and decahydronaphthalene are dehydrogena- 
ted with equal activation energies on platinum, and the same {fs true on Cr,Oy. However, over platinum the reac- 
tion rates are different for the two compounds, whereas they are the same over Cr,Oy. This indicates a flat disposi- 
tion of the cycles on platinum and an edgewise disposition on Cr,O,. 


6. From the measured entropy of adsorption and from the number of degrees of freedom derived from this, 
Kembail [44] found that benzene is adsorbed on the surface of metals such as inercury so that the plane of the ring 
is parallel to the metal surface. 


We shall now consider doublet reactions of the type 


K K K 
A D Ar iD A D 
 B—C 


Here the bonds A~B and C—D in the original molecules are broken and the bonds A—D and B—C are formed in _ 
the reaction products. This proceeds via the formation of an intermediate catalytic complex in which the original 
bonds are weakened and deformed on account of the attraction to the catalyst K; and already the formation of the 
bonds of the reaction products is beginning. As a limiting case of the deformation of bonds we have their complete 
rupture with formation of radicals attached to the surface. 


Fig. 2. Mode! of the catalytic dehydrogenation of alcohols, ig. 3. Profile of potential surface for the dehydro- 
top and side views. Successive stages: a) RHCHOH+V,W,= —genation of alcohols. a, b and c denote the stages — 
= RHCHOV + HW+ VW; b) RHCHOV + VW = RHCVOV+ HW; in Fig. 2. Heat changes are given in kcal/mole. 

c) RHCVOV + 2HW = RHCO+ H, + V,W, (V and W are cata- 

lyst valencies). 
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The scheme (1) implies a definite structural model, which {s represented to scale for the dehydrogenation of 
alcohols {45] in Fig. 2. In the group CHOH, which lies on the surface, one H atom: is first torn away with forma- 
tion of a semihydrogenated form. The highest energy barrier is associated with the removal of the second H atom 
(see the broken {ine in Fig. 3). 


The energetics of the scheme (1) and of the model in Fig. 2 are represented in Fig. 3, in which the energy 
level of the system is plotted to scaie as ordinate, and the coordinate of the reaction is the abscissa. Deaoting the 
energy of the bond X-Y for scheme (1) by Qyy. we have: 


—Qap-Qcp + + + QcKk + QpK: 


E™= Qapt 
In these multiplet-theory equations, E’ is the energy for the formation of the multiplet complex and E” is 
the energy for its breakdown to form the reaction products. E° and E” correspond to the heights of the energy 
ba:ticrs of the reaction, and the rate of the reaction is determined by the more negative of them, E. The equa- 
tions express the limiting case of the breakdown into atoms or free radicals Actually, complete breakdown does 
not generally occur, but only deformation, so*that for the activation energy we have 


3 
€ 


(3) 


Equation 2 enables us to calculate the sequence in which the different bonds react. Such calculations have 
been made in cases in which the bonds with the catalyst Qax. etc., are known, namely, for Ni, for which the 
calculated sequence was in accord with experiment in almost all of the reactions studied (several hundred) [47, 48], 
an¢ also for carbon [49, 50]. 


Equation 2 is of interest from the point of view of the theory of the selection of catalysts [46]. Let us intro- 
ce the quantities 


u = 
s= Qcp+ Qap+ Qsc, (4) 
Qax + Opx + Ock + 


(u is the heat of reaction, s is the sum of the energies of breaking and forming bonds, and q is the adsorption poten- 
tial of the catalyst). fquation(2 can now be rewritten in the form 


= q-s/2+ u/2, (5) 


E” = —q+s/2+ u/2. 


Equation § is represented graphically by pairs of straight lines forming “volcanolike” curves, as shown, for 
example, in Fig. 4, in which E is plotted as a function of q. The curves are determined only by the nature of the 
reaction, for the coordinates of their apexes are u/2 and 3/2 and the slopes are + 45°. Vertical intersecting lines 
cor‘espond toE. Fig. 4 demonstrates the principles of energetic and structural correspondence that arise from the 

multiplet theory. Fig. 4 shows that for a given mechanism the greatest reaction rate will obtain when the vertical 
line passes through the apex. By determining E experimentally for a given reaction we may discover how much 
further the catalyst can be improved so that it may have its optimum effect (Ey = w/2). For this purpose it is neces- 
sary to select the energies of the bonds with the catalyst Qax. QpK. QcK and Qpx so that their sum shall be as 
close as possible to the value of s/2 fixed by the nature of the reaction. This is the essence of the energetic as- 
pects of the theory of the selection of catalysts, as derived from the multiplet theory. 


This part of the theory is reminiscent of the theory of color: the index group corresponds to the chromophore 
group. and substituents in the molecule and catalyst atoms near to the active center correspond to bathochromic and 
nypsochroinic groups. The position of the maximum of the volcanolike curve along the axis of adsorption poten- 
tials corresponds to the position of the center of the absorption band in the spectrum. It will be clear from the above 
considerations that for the purposes of the theoretical selection of catalysts it is essential that experimental ma- 
terial should be accumulated on bond energies, particularly individual, rather than mean values. 


It must be remembered that the energy 
of the bond with the catalyst consists, in its 
turn, of two components expressing 1) the energy 
of the bond within the crystal, and 2) the effect 
of surrounding atoms on it. The first quantity 
can be found from thermochemical tables. The 
suin of all the energies of the bonds of the atoms 
A, B, C, 4nd D with the catalyst is the normal 
adsorption potential dy. 


The second quantity is associated with the 
position of the active center on the nonhomo- 
geneous surface, i.e., the number and arrange- 
ment of neighboring atoms in the lattice: the 
; : presence of foreign atoms also affects it. Sum- 
Fig. 4. Volcanolike curves: I) dehydrogenation of hydrocarbons: ian ; 

1] at - 
Il) dehydrogeantion of alcohols; dehydration of alcohols. The 


seal d tive center, we obtain the quantity A, the sub- 
ntersects correspond to experimental values of Efor aston term: thus 
: 


(6) 


This fundamental equation resolves the dispute of whether the activity of a catalyst depends on its chemical 
nature (G. K. Boreskov) or on the way in which it is prepared and the presence of foreign substances (as S. Z. Rogin- 


sky thought at one time) The first of these views takes only dy into account, and the second only A; it is necessary 
to take both quantities into account. 


It should be noted also that the method of calculation by means of Equaticns 2-5 is very simple mathemati- 
cally and will be familiar to chemists, who calculate molecular refractions, etc., by a similar additive method. 
Continuing this analogy. we may state that the quantity \ in Equation 6 is analogous to the increments for multi- 
ple bonds. Here X is a measure of the degree of unsaturation of the active centers [51, 52]. 


In considerations of selectivity it is necessary to examine several volcanolike curves, according to the num- 
ber of possible reactions. The catalyst will be most selective for the reaction having an absolute value of E that 
is appreciably less than that for the other volcanolike curves. 


Let us pass to the results that we obtained in 1954 in investigations along the lines that we. have indicated. 


We shall first consider work on the determination of the energies of bonds formed with the catalyst, which 
was carried out by the kinetic method. This method was proposed by the present author [46], and it consists in the 
experimental determination of the activation energies of several reactions selected in such a way that the number 
of equations for E shall be equal to the number of unknowns (Qay, etc.). 


Thus, this condition {is satisfied by the reactions of dehydregenation of hydrocarbons, dehydrogenation of alco- 
hols, and dehydration of alcohols, the index groups being: 


H H 


H H H O 


These types of reactions, and also certain others, have been investigated in our laboratory. For the scheme 
(7) the first of Equations 2 is transformed into the following: 
Ey = Qck+ 
Ey = —QcH-Qon + Qck + 2QHK + Qox: (8) 
Es = —QcH-QOH + 2Qck + QHK + Qox- 


By determining € experimentally and applying Equation 3, we find E;, Ez, and Ey’ and the separate energies 


of the bonds of the atoms C, H and O with the catalyst (Qcx, Qu. and Qox), the values of Qcy and Qoy being 
known [47]. 


AX 


ui 


The results are given in Table 1. 


It was found possible to construct the volcanolike curves for these reactions (Fig. 4). 


It may be pointed out that the problem of the kinetics of heterogeneous -catalysis reactions is regarded as 


’ solved when the action constants and activation energies have been found, but in the present investigation the 


hinetics provide the solution of a problem of a higher order — the determination of bond energies. 


Tne following substances were investigated: cyclohexane, methylcyclohexane, ethyl, isopropyl, butyl and 
tsopentyl alcohols, 2-heptanol, cyclohexanol, formic and acetic acids, isopropyl formate, and ethyl acetate (the 
work was directed by A. A. Tolstopyatova and the present author and was carried out by V. A. Ferapontov, P. Teteni, 
| R Konenko and F. 1. Kobos). Also, use was made of data obtained earlier by the present author and Isagulyants 
(43) for the denydrogenation of cyclohexane, methylcyclohexane, dimethylcyclohexane, tetrahydronaphthalene, and 


TABLE 1 
Energies of Bonds with Catalyst. Results of Kinetic Determinations 


Catalyst Method of preparation Qux | Qck | Qox 


On asbestos as ready-made oxide ‘ 9 . 66.5 


Substances- 


C,H,OH 


From TiCl, ... 62.7 C,H;OH 
From nitrate. precipitated with ammonia... . : 
From nitrate, precipitated with ammonia.... 5. 82.4 | i-CyH;OH 


Precipitated with sodium carbonate. . 

| Precipitated with ammonia 
On asbestos, precipitated with sodium carbonate. 
On asbestos, from ammonium dichromate. .... 


Qcx | OnkK 
Tao, From nitrate, precipitated with ammonia..... 53.3 | 18.6 21.0 
Th,O nitrate, precipitated with ammonia..... 53.9 | 37.7 


1-C,H;OH 


CH;C,Hj,; 1-CH,OH 
CH,C,Hy: i-C,H,OH 
1-CH,OH 
CH,C,Hy: {-C,H,OH 
C.Hy: i-C,H,OH; HCOOH 
C,Hy: i-CsH,OH; HCOOH 
i-C,H,OH 
CH,C,Hy;; i-C,H,OH 


Thermochemical deter- 
mination 


1,2,2-Trimethylpropylamine 
a -Ethylbenzylamine 


tetranycro-2-methylnaphthalene, these data being supplemented by A. A. Tolstopyatova, who investigated the cataly- 
sis of alcohols over the same catalyst. Further, in conjunction with N. A. Vasyunina, an investigation was made 

inte the catalysis of amines, namely, 1-methylhexy.amine, dilsopropylamine, 1,3-dimethylbutylamine, 1,2,2-ti- 
metnylpropylamine, a -ethylbenzylamine, N',N!-diethyl-1,4-pentanediamine. From these data together with the 
Cata on the catalysis of hydrocarbons by the authors already mentioned and by A. A. Tolstopyatova we succeeded 


in calculating the energy of the bond formed by nitrogen with the catalyst. 


As catalysts we took oxides of metals of the even groups of Mendeleev’s system [54]: 


From Group I: Be, Mg, Ca, Sr, Ba, Zn, Cd 
From Group IV: Ti, Zr, Th. 
From Group VI: Cr, Mo. W. 


Preparations of WS, and of Ni on Al,O, were also investigated. The percentage conversions were determined 
experimentally under identical conditions, the extent to which reaction occurred being small. From these results, 
Arrhenius straight lines were constructed which gave a good fit to the experimental points. Diffusion did not play 
any part. the tuth of this statement being verified in selected cases, in which it was shown that the grain size of 


the catalyst had no effect on the reaction rate. 


TiO, 

TiO, , 

Z:0, 

Tho, 

Cr,O, 56.3 | 6.0 69.5 

Cr,05 58.1 | 141 | 51.7 

Cr,0, 621 | 6.8 | 43.0 

Cr,0, | 59.1 | 98 | 33.1 
58.2 4.7 49.7 

w,0, | 48.5 1163 | 53.3 

ws, | 60.5 116.4 | 51.3 
! 
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The oxides of elements of Group II were found to be unsuitable for such investigations, since, although they 
effected the dehydrogenation and dehydration of alcohols (in the present investigation € was measured in these 


cases), they did not effect the dehydrogenation of hydrocarbons, in spite of indications to the contrary in the litera- 
ture [55]. 


It was found possible to make use of the results on the reactions over oxides of Group IV and Group VI. metals 


(it should be noted that some of these reactions were effected for the first time over these particular catalysts). The 
following results were obtained. 


1. The activation energies for identical index groups having different substituents were found to be identical. 
By way of example we may quote data for the dehydrogenation over Cr,O, of cyclohexane (€ = 28.5), methylcyclo- 
hexane (€ = 26.6). and 1,3-dimethylcyclohexane (€ = 24.8), and also for the dehydrogenation over Ni on Al,O, of 
1-methylhexylamine (€= 9.4), 3-methyl-1-propylbutylamine (€ = 9.6), diisopropylamine (€ = 8.6), and N?LN-di- 


ethyl-1,4-pentanediamine (€ = 10.7 kcal/mole). This indicates, in agreement with theory, that the molecules are 
oriented identically on the catalyst. 


2. Calculation yields values of Qex (by QeK. here and below, we understand the quantities Qax, etc.) of the 
expected order of magnitude. 


3. For a given index the substituents have usually little effect on Qex. There is a scatter in the values for 
different catalysts, -nd also for different methods of preparing the catalysts, which ts a reflection of the effect of 
A. As indicated by. Equation 6, this is in accord with theory. 


4. The value®‘ound from the kinetics for QyK and Qcx are oftei close to the thermochemical values, for 
example [56] QHcr = 56.3 (kinetic), Qyni = 53 (thermochemical); Qccy = 6.0 (kinetic), Qccr = 7 (thermochem- 
ical). The value of Qh varies only little in the reactions investigated. In one case a very much lower value, — 
QHK = 44.7, was observed, from which it follows that the constancy is real and is not a mathematical artifact. 


Qcx is a small quantity, and owing to its smallness the mode of formation of the catalyst has a great effect on its 
value; it sometimes suffers a twofold variation. 


The fact that the oxides of elements of Group Il do not promote the dehydrogenation of hydrocarbons, but 
bring about the catalysis of alcolicls is probably to be explained as follows. Here Qyx and Qcx are small and are 
unable to bring about the lowering of E that is necessary for the dehydrogenation of hydrocarbons. Qox the 
contrary. is great, which is a deciding factor for the possibility of the dehydrogenation and dehydration of alco- 
hols. This view is confirmed by the well-known fact that Group II metals have a high affinity for oxygen. 


5. The bond O-—K is found to be much more sensitive to various influences, so that Qox is much less con- 


stant. As will be seen from Table 1, Qoy depends a) on neighboring atoms (the method of preparation) and substitu- 
ents, and b) on the position of the element in Mendeteev’s system. 


6. Thesequence of changes in Qoy in a column of Mendeleev’s stable does not correspond to the sequence 
of QOK. determined kinetically (see Table 1) and thermochemically, for we have: 


Ti-O... 84.0; Zr-O.. . 94.0; Hf-O. . . 97.4; Th-O.. . 102.8. 


It is probable that this noncorrespondence {s to be explained by screening with other O atoms. In the approach 
of an oxygen atom from a molecule to a metal atom of small radius there is repulsion effect due to neighboring 
oxygen atoms in the lattice. This explanation is confirmed by thermochemical data, which show that as oxygen 


atoms accumulate in an oxide the mean bond energy falls; thus, the mean Qoc¢,y for <P, is 79, whereas for CrO, 
it is 53. 


7. For the dehydrogenation and deamination of amines over ThO, (see Table 1) Quix and Qc were found 


to be close to the corresponding quantities for alcohols. The energy for the bond with the catalyst QNK was ee 
to fall regularly between the values for C and O: 


Qck < Onk < Qox: 


The energy of the bond N—K is greatly affected by substitution in the molecule: when the substituent is aromatic 


Qnk = 37.7, and when it is aliphatic Quy = 21.0. In its sensitivity to such effects the bond N—K is analogous to 
the bond O-K. 


uli 


In such a new field as that which we are now considering there are naturally many problems that have not 


vet been investigated As a result it was necessary to make several simplifying assumptions in the preceding cal- 
culaticns, and we shall now pass to a consideration of these assumptions. : 


1. The mechanism of both dehydrogenation and dehydration is assumed to be atomic, and not t tonic. For 
dehydrogenation no doubts can arise, and we consider that convincing evidence for the atomic mechanism of dehy- 
ae is provided by a comparison of the regularities revealed by the work of Neiman and Shapavalov [57] on 

e¢ one hand and of Bork [58] on the other (see Table 2). Experiments on the exchange of alkyl halides with brom- 


TABLE 2 


Comparison of Atomic and Ionic Reaction Mechanisms 


Reacting 
substance 


Azom exchange 
Co per hour) 


Literature 
reference 


lon exchange 


CHyl 0.03 

CH, (CH,) 0.05 119, [57] 

CH(CHy),! 20, | (87) 


CH yCH,OH 28.4 20,210 | (58) 
CH,CH,CH,OH 55.4 | 
(CH,),CHCH,OH 52.7 16.450 (58) 


o 


2. The dehydration of alcohols proceeds, as Topchieva and coworkers have shown [19],via a surface alkoxide. 


ine and iodine showed that with increase in 
the extent of substitution the rate constant k 


falls and the activation energy rises in ionic 
reactions, whereas the reverse is true in atomic 


reactions. In the dehydration of alcohols over 
Al,O, the constants change with increase in the 
extent of substitution in the direction required 


by the atomic imecuamsm, uus con- 

firming that the reaction occurs by this mech- 
anism. By this we do not wish to imply that 
the fonic mechanisin does net occur in pre- 
sence of acidic catalysts, such as phosphoric 
acid on charcoal, or of aluminosilicates; on 
the contrary, the tonic mechanism does occur 
in these cases (cf. [59]). In this we are at var- 
{ance with opinions, e.g. those of Dowden[60], 
which assert that dehydration is always an ion- 
ic reaction. 


We assume that the role of the alkoxide in dehydration is analogous to that of the semihydrogenated form in dehy- 
crogenation. As shown above, the existence of a semihydrogenated form finds its place in the scheme of calculation 


acopted, and the same is tue of the alkoxide. 


3. The reactions under comparison should be carried out at the same active centers. However, if the differen- 
ces in the latter are not great, then they have little effect in the results in view of the form of the equations for de- 


termining Qgx. 


4 Therage of reaction should rise with decrease in €. Theexperimental results show that we are indeed deal- 


ing here with a classical case of this kind. 


5. All reactions are first-stage reactions, ie. are held back by the stage of forming the intermediate complex. 
Tnis is confirmed by the fact that in Figures 4 and 5 the intersecting lines are to the left of the maxima of the vol- 


canolike curves. 


6. The mzan, and not individual, values of the bond energies are taken. This is justified by the fact that 
compensation of the effect of neighboring atoms on Qax etc. and on Qay etc. occurs to an appreciable extent 


(34]. When there are great variations there is no such approximate compensation, and this has been noted above, 


for example, for the effect of the aromatic nucleus. 


7. The activation energies used in the calculation are true values, not apparent. This is confirmed by the 
fact that the process occurs in the kinetic region (see above) and that in the simplest cases the relative adsorption 
coefficients are not great, and calculation shows that in these cases the percentage conversion can be taken instead 
of tate constants. For more precise results it is essential to use the full formula. 


8. It is assumed that proportionality coalitions in Equation 6 is 3/4. It should be noted that the value of 
Qex is not very sensitive to small changes in this coefficient; thus, a calculation in which the coefficient is given 
the value of unity gives an only slightly different value of Qex. It should be noted also that Se menov [4], using an 
independent method, again arrives at a coefficient of 3/4 for a similar case. 


The following question now arises. When the energies of the bonds formed with the catalyst have been de- 
termined. in what way can they be utilized? It is clear that when many such values are known for substances of 
various chemical nature and when the laws relating them to the method of preparation are known it will be possible 
to make use of values of Qgx in the selection of catalysts by the method indicated above, but even now the exist- 
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ing cata permit us to solve the problem that is symmetrical with respect to the problems of choice of catalysts. 


| 

/ 


In the selection of catalysts the reaction is fixed and catalysts are sought for it. In the symmetrical problem we may 
fix the catalyst and determine what reactions can proceed on it and to what extent. 


In this connection the present author and Ponomarev [61] have examined the reactions of furan derivatives 
over a catalyst of a given chemical nature — nickel —for which the value of Qex is known. In this case also, the 
method of volcanolike curves based on the multiplet theory is applicable. It must be particularly emphasized that 
in the exposition that follows none of the above-mentioned simplifying assumptions are made. The coordinates of 
the apexes of the volcanolike curves for the reactions occurring are given in Table 3. Values of E’ are also given 
in the table. The calculation was made with the aid of Equation 5 and was based on values of Q from a previous 
paper [47] and on a value for the energy of the stabilization of the furan ring of o = 16 kcal (62). 


Table 3 


Theoretical Sequence of Reactions over a Nickel Catalyst 


Reaction 


Doublet scheme]u (kc all s(keal) 


E’ (kcal) 


Hydrogenation of the olefin bond é i 30 318 

H 

Hydrogenation of the carbonyl bond & 

C H 

Hydrogenation of the first double bond any 
| in the furan ring 

Formation of a spiro compound 
| furfuryl alcohol 

5 | Hydrogenolysis of the carbon-oxygen bond 

| 

6 Hydrogenolysis of the carbon-carbon bond 


; In Fig. 5 the volcanolike curves are drawn 
20 to scale for reactions No. 1, 2, and 3. In addi- 
tion, the pair of lines B for the hydrogenation of 


10 benzene (o = 36 kcal) are given. Some infer- 
; ences relating to the furan and benzene rings 
oF are based on the obvious fact that no point of 
the curve lies above the apex, i.e., E’ < u/2. 
Hence, from Equation 5 and the value of u, 
-10 5 ‘'B/2 


which involves o, it is possible to find the up- 
per limit of E’ for the hydrogenation of the 
= in th 
Fig. 5. Volcanolike curves for the hydrogenation of furan and Cipetingcoe age eee 
3 ‘ Ni this limit is found to be lower for a bond in 
benzene dezivatives. (For numbering of the reactions see Table 
the ring than E for the same reaction in a chain, 
y 4 " and it is lower in the benzene ring than in the 
furan ring. For several reasons, the zero level is 
displaced upward by about 16 kcal [46] (broken line in Fig. 5). Hence, all the values of E’ in Table 3 are actually 
negative. In the cyclization of a furan compound to form a spiran, one (external) double bond in the furan ring is 
_ first hydrogenated [63]: in reaction No. 4 (for the numbering of the reactions see Table 3) occurring at the surface, 


the valency angle is deformed, so that the value of E” is lowered somewhat. Corrected values of E’ for reactions 
No. 3 and 4 are also given in Table 3. 


Thus, the multiplet theory leads us to the following rule: in the hydrogenation of furan derivatives the reac- 
tions occur in a definite sequence according to the difficulty with which they proceed, ie., in order of diminishing 
E (Table 3). For example, in accordance with the rule, in the hydrogenation of 1-(2-furyl)-1-penten-3-one 


-- 
H=CH-C-C,H, 


oO 


No. 
5 
<5.7; 3 
<5; 2 : 
42 
| 
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TASLE 4 


Sequence of Reactions in the Hydrogenation of Furan Compounds over Nickel (Comparison of experimental and 
theoretical data) Abbreviations: F = 2-furyl; TH = tewahydro; dioxaspiran = 1,6-dioxaspiro[4.4}nonane; NiR = 
= Raney nickel; NiK = Ni on kieselguhr 


Original substance Substance formed A * |Catalyst} Temp. 


("C) 


Transformations attaining stage 1,2. Average temperature 30° 
2-Furanacrolein 2-Furanpropionaldehyde 1, 236 NiR 23 | 100 
4+ F 3-buten-2-one 4-F-2-butanone 1,236 Nik 20 | 50 
1-F -8-methyl-1-octen-3-one 1-F-3-octanone 1, 236 NiR 20 1 
1,3 DiF 2 propen-l-one 1,3-DiF -1-propanone 1,236 NiR 50 100 
1,5-DiF -1,4-pentadien-3-one 1,5-DiF -3-pentanone 1,236 NIR 20 1 

Transformations attaining stage 1,3. Avcrage temperature 40° 
Vinylfuran | Ethylfuran 136 | NK | 65 | 250 
| 1,36 | 15 15 
i 

Transformations attaining stage 2,3. Average temperature 85° 
_ 2 Furaldehyde | Furfuryl alcohol 2356 | Ni! 160 65 
2 Furanacrolein | 2-Furanpropanol 12.356 | NIR _ 80 - 
é F-3.5-hexadien-2-one _@-Methyl-2-furanpentanol 12,356 20 1 


Transformations attaining stage 3,2° 


1-F -5-methyl -1-hexen-3-one 5-Methyl-1-THF -3-hexanone® 13,256 Ni - | - 
Furfurylidenecamphor , THfurfuryleamphore 13,256 Ni - | - 


Transformations attaining stage 3,4. Average temperature 130° 


2 Furanpropanol TH -2-fuzanpropanol 13,456 Nik 100 150 
5 Methyl-2-furanpropanol TH-5-methyl-2-furanpropanol 13,456 NiK 120 
-Methyl- 2-furanpropanol TH-a -methyl-2-furanpropanol 13,456 | Nik 100; 150 
a.5 Dimethyl-2-furanpropanol TH-a,5-dime thyl-2-furanpropanol 13,456 NiK 120 | 128 
a -Ethyl-2-furanpropanol a -EthylTH-2-furanpropanol 13,456 Nik 120 96 
a Propyl-2 furanpropanol TH -a -propyl-2-furanpropanol 13,456 Nik 120 120 
a Butyl 2-furanpropanol a -ButylTH -2-furanpropanol 13,456 Nik 120 99 
@ Pentyl-2-furanpropanol _ TH-a -pentyl-2-furanpropanol 13,456 Nik 120 150 
a Isohexyl-2-furanpropanol a - lsohexyl TH -2-furanpropanol 13,456 NiK 120 103 
@ Phenyl 2-furanpropanol _ TH-a -phenyl-2-furanpropanol 13,456 Nik 125 142 
a Prenethyl-2-furanpropanol TH-a -phenethyl-2-furanpropanol ; 13.456 | Nik 120 142 
8 Methyl a-phenyl-2-furanpropanol TH-3-methyl-a-phenyl-2-furanpropanol 13,456 NiK 140 110 
2 -Furanpropionaldehyde TH -2-furanpropanol 123,456 NiK 160 | 150 
1.5 DiF -3-pentanol | 1,5-Bis THF -3-pentanol 13,456 | NiR | 120 | 100 
1,F -3 -phenyl-1,3-propanedione 1-THF -3-phenyl-1,3-propanediol |123,456 NiR 125 170 
1 F 1,3-butanedione 1-THF -1,3-butanediol 
2Furanacn in TH -2-furanpropanol ,123,456 NiR 160 150 
@ Ethyl-2-furanacrolein 8-Ethyl-TH-2-furanpropanol ‘123,456 NiR 115 150 
4 F-3-buten-2-one TH-a -methyl-2-furanpropanol 123,456 Ni 125 100 
1,3 Dif -2-propen-1-one -THF TH-2-furanpropanol 123,456 | NiR | 130 | 115 
Difurfurylidenecyclohexanone Bis THfurfurylcyclohexanol \123,456 NiR 175 150 
1 F -1-hexen-3-one 123,456 NiR | 200 10 
Transformations attaining stage 3,5. Average temperature 130° 
le 

furan 13,56 NiR 170 
2 Methylfuran - TH-2-methylfuran 13,556 Ni 200 > 
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2-Ethylfuran 
2-Propylfuran 
2-Pentylfuran 


2-(1-Sutenyl)furan 


2-Benzylfuran 


2,5-Dimethylfuran 

Furfuryl alcohol 
a-Methylfurfuryl alcohol 

a -Ethylfurfuryl alcohol 

a -Propylfurfuryl alcohol 

a Phenylfurfuryl alcohol 

a -Methyl-2-furanpentanol 
2-Furaldehyde diethyl acetal © 
2-Furaldehyde ethylene acetal 


Furoin 


5-(Hydroxymethyl)-2-furaldehyde 


2-Furaldehyde 


5-F-2,4- pentadienal 

6-F -3,5-hexadien-2-one 
1-F -4.6-heptadien-3-one 
1 9-DiF -1,3,6,8-nonateuaen-S-one 


2-Furanpropanol 

a -Methyl-2-furanpropanol 
5-Methyl-2-furanpropanol 

a ,5-Dimethy]l-2-furanpropanol 
-Ethyl-2-furanpropanol 

& -Propyl-2-furanpropanol 

- Butyl-2-furanpropanol 

a -Pentyl-2-furanpropanol 

a - isohexyl-2-furanpropanol 

-Phenyl- 2-furanpropanol 

Methyla- phenyl 2furanpropanol 
1,5- DiF -3-pentanol 
2-Furanpropionaldehyde 

2 Furanacrolein 

a - Ethyl -2-furanacrolein 
4-F.3-buten-2-one 


THfuran 
2-Methylfuran 


3-F -acrylophenone 
TH -2-methylfuran 


Dioxaspiran 


2-Furanacrolein 


2-Furanacrolein 
a -Methylfurfuryl alcohol 


Furan 
THfuran 


TABLE 4 (continued) 


Dioxaspiran 


2-Methyldioxaspiran 
2-Methyldioxaspiran 
2,7-Dimethyldioxaspiran 
2-Ethyldioxaspiran 
2-Propyldioxaspiran 
2-Butyldioxaspiran 
2-Pentyldioxaspiran | 
2-Isohexyldioxaspiran 
2-Phenyldioxaspiran 

3-Methyl-2-phenyldioxaspiran 
2-(2- THFethyl)dioxaspiran 


Dioxaspiran 
Dioxaspiran 


3-Ethyldioxaspiran 
2-Methyldioxaspiran 


2-Pentanol 


2-(3-Phenylpropyl)THfuran 


2-Pentanol 


TH-2-furanpropanol 


Heptane 


Heptane 
Heptane 


Butane 
Butane 


2-EthylTHfuran 
TH-2-propylfuran 
TH-2-pentylfuran 

2-ButylTHfuran 

2-BenzylTHfuran 
TH-2,5-dimethylfuran 

THfurfuryl alcohol 
TH-a-methylfurfuryl alcohol 

@ -EthylTHfurfury] alcohol 

TH-a -propylfurfuryl alcohol 
TH-a -phenylfurfuryl alcohol 

TH -a-methyl-2-furanpentanol 
TH-2-furaldehyde diethyl acetal 
TH -2-furaldehyde ethylene acetal 
1,2-Bis THF -1,2-ethanediol 
TH-2,5-furandimethano) 
THfurfuryl alcohol 

TH -2-furanpentanol 

TH -methyl -2-furanpentanol 

a -EthylTH-2- furanpentanol 

1, 9-BisTHF -5-nonanol 


Transformations attaining stage 4,5. Average temperature 130° 


134,56 


Transformations attaining: stage 5,5. Average temperature 190° 


Butyl alcohol 


5.56 
135,56 


1235,56 


5,56 
5.56 


Transformations attaining stage 5,6. Temperature > $10° 


12345.6 


12345,6 
12345.6 


135.6 
35,6 


NiR 65 
| NAR 65 
NiK 65 
Nik 120 
NAR 175 

NiK 125 
| NiR 150 
| Nik 160 
| NiK 125 

NiR 175 
| NiR 175 

NiR 140 


Nik 120 
Nik 120 
Nik 120 
Nik 120 
Nik 125 
140 
Nik 120 
Nik 160 
NR 175 


NR 90 
NiR 200 
NiR 140 
Ni 230 
Nik | 200 
NiO+ | 310 
+MoS, 

Ni > 300 
NiO+ | 340 
+MoS, 

Ni > 300 
Ni > 300 


13,56 NiR <110 70 
13,56 , NR <110 70 
; 13,56 | NiR | 110 70 
18.56 100 50 
Ts 13.56 | Ni 100 50 
13,56 | NiR | 200 170 
13,56 . NiR 80 ; 80 
13,56 | NiR 15 10 
13.56 | go 
13,56 | 80 
| 13,56 i 80 
13,56 
13,56 
; 13,56 150 
123,56 
| 123.56 70 
| 129,56 40 
123,56 150 
123,56 150 
123,56 100 | 
123,56 |NIR | 175 | 180 ; | 
| Nik 100 150 
134,56 | NiK | 100 150 
134,56 | NiK | 120 150 
184,56 | NiK 120 | 140 
134,56 | NIK | 120 96 
134,56 128 
134,56: 99 
134,56 150 
134,56 103 
134,56 142 
134,56 110 
134,56 105 
1234,56 150 
1234,56 |NiR | 175 | 150 
ik 
= - 
135 
— 
150 
100 
100 
= | 
| 567 


over nickel the fottowing should be formed successively: 1) 1-(2-furyl)-3-pentanone; 2) at -ethyl-2-furanpropancl; 
3) a- ethyltershydro- 4) 4jnonane 


| 


5) nonane; and 6} methane. 


Verification of this rule on the basis of experimental material is carried out in Table 4. The numbers in the 
column headed A. for example 123,456 indicate that in the given change reactions No. 1, 2, and 3 (Table 3) have 
already occurred, but the reactions No 4, 5, and 6 have not yet occurred, the change having attained the stage 3,4. 
Here, each of the reactions No. 1, 2, aad 3 proceeds more readily than each of the reactions No. 4, 5, and 6. Under- 
lined digits in Table 4 indicate secondary reactions that are possible owing to the completion of primary reactions: 
1+ 6.2% 5:3 1,4 and 6; 4 5 and 6. In A numbers on one side of the comma are not repeated. “Reactions 
that deper on reactions that have not yet occurzed are not shown in A. When the digits in coluinn A of Table 4 
are in asc sading order (or do not diminish), it means that the theoretical rule that we have found is correct. Table 
4 gives tc known examples [61] of the changes undergone by furan compounds when hydrogenated over NI (apart 
from tho:> of a few containing the groups —(CO)—O— and ~N-). 


Table 4 shows that theory is in excellent agreement with experiment for more than 80 transformations. Ex- 
ceptions are rare; they are indicated in the table by asterisks. © 


It will be seen from Table 4 that in all cases in which a molecule contains both a furan and a benzene ring, 
the former is more readily hydrogenated, in accord with the requirements of theory. 


It can also be seen from Table 4 that, in accord with theoretical predictions, the temperature required for 
the reaction is generally higher, the higher the number of the reaction in Table 3. This fs all the more remark- 
able in that the hydrogenation reactions of furan compounds have been carried out independently by various workers, 


who had only preparative aims in view. In accordance with theory, different sequences are found over other catalysts 
[66. 57] 


The discovery of he laws regulating the hydrogenation of furan derivatives is of great practical importance, 
since thec processes are associated with a new important trend in the industrial utilization of agricultural wastes. 


In conclusion I should like to appeal to those present to join forces in working for the solution of the particu- 
larly important problem of the sciertific selection of catalysts. The object of this paper was to show what founda- 
tions exist for this work. It must be remembered that in the discussions experiment must be the judge and that the 
genera! goal of our endeavors is the welfare of our Fatherland. 


= N. D. Zelinsky Institute of Organic Chemistry 
of the USSR Academy of Sciences 
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SYNTHESIS OF BRANCHED ALIPHATIC HYDROCARBONS 
VIA 2-ALKENYL HALIDES 


A. D. Petrov 


(Paper read at a general meeting of the Division of Chemical Sciences 


of the Academy of Sciences of the USSR, March 21, 1955) 


2-Alkenyl halides have received extensive application during the last 10-15 years for the-synthesis of 


branched alcohols and hydrocarbons, mainly in connection with the intensive exploitation of organomagnesium 
synthesis with the object of preparing 


paring model individual hydrocarbons present in fuels and oils. 
It has been established that 2,2-dimethy!pentane is best prepared via 4,4-dimethyl-1-pentene, which can be 
synthesized in 85% yield, calculated on the amount of allyl bromide taken, by addition to the latter of ar ethereal 
solution of tert-butylmagnesium chloride [1], whereas in the condensation of tert-butyl chloride with-propylmag- 


nesium bromide. even under special conditions (heating to 80°, or in presence of HgCl,), the yield of 2,2-dimethyl- 
pentane does not exceed 20% [2]. As Liberman and Kazansky [3] showed, the yicl of 4,4-dimethyl-1-hexene ob- 
tained when 1.1-dimethylpropylmagnesium halide is added to ailyl bromide is 34%, but in the condensation of 2- 


chloro -2, 3,3-trimethylbutane with allyl bromide under Yarovsky’s conditions the yield of 4,4,5,5-tetramethyl-1- 
hexene does not exceed 4.5% (4}: 


‘C=C-C-Br+ C=C-C-¢-C, yield 89%. 
C=C-C-Br+ —» C=C-C-¢-€-C, yield 4.9%. 


C=C—C—Br+ —* C=C-C-C-C-C, yield 34%. 


The high reactivity of 2-alkenyl halides found wide application in the work of Levina and coworkers [5] 
who condensed 4-bromo-2,4-dimethyl-2-pentene, which on account of its structure is unable to undergo the allyl 
rearrangement, with various alky:magnesium halides. The reaction gave yields of 25-30%: 


RMgX pete (4) 


Petrov, Koptev and Kaplan [6] showed that steric difficulties in the condensation of a branched ketone with 
branched alkyl halides could be overcome by introducing 2 double bond into the ketone, instead of into the alkyl 
halide, but again in the 8 -position with respect to the functional group, the oxygen of the carbonyl. Thus, tert- 
butylmagnesium chloride, which does not give a tertiary alcohol with 4-methyl-2-pentanone, but only reduces it, 
reacts with mesityl oxide at 0° with formation of a tertiary alcohol and the diolefin resulting from its dehydration: 


| (1) 
(3) | 


H 
pete, C-¢-MgCl C-C=C-C-¢ -C. (5) 
c 


The possibility of increasing the yield by introduction of a double bond in either reaction component greatly 
widens the prospect for the synthesis of branched compounds. 


Since there are comparatively few alkenyl halides of the allyl type that are unable to undergo the allyl re- 
arrangement on account of their structure, we frequently meet the problem of suppressing such isomerization either 
by the selection of a second component of suitable structure or by selection of the condensation conditions. 


Petrov and Ponomarenko [7] showed that in the course of the organomagnesium synthesis 3-chloro-2,4-di- 
ethyl-1- pentene isomerizes completely into the corresponding primary chloride in reactions both with tertiary 
an¢ with primary alkylmagnesium speed and also in the reaction of condensation with 2,4-dimethyl-3-pentanone 

in presence of magnesium: 


However. as has been shown in the present series of investigations by Petrov and Melekhin, the anatogous 
ally! halide 3-chloro-2+methyl-1-butene reacts with unsaturated branched ketones, such as mesityl oxide and 3- 
methyl-3-buten-2-one, without isomerization, probably owing to the high rate of the condensation reaction: 


H 


é¢ 
Petrov, Melekhin and Sushchinsky [8] have shown that in the condensation of two molecules of 3-chloro-2- 


methyl-1-butene in presence of magnesium one molecule of the chloro;compound undergoes allyl rearrangement 
and 2.3.5-wimethyl-1,5-heptadiene is formed: 


Mg ——> MgCl, + (9) 


When the same alkenyl halide is condensed in presence of sodium, the isomerization becomes a subordinate 
reaction and the main product is 2,3,4,5-tetramethyl-1,5-hexadiene: 


2Na ——> 2NaCl+ (10) 


In the condensation of 3-chloro-2-methyl-1-butene in presence of potassium, which is even more alkaline 
in character than sodium and brings about a more rapid reaction even at lower temperatures, isomerization occurs 
to an extremely small extent. Hence, the occurrence of the allyl rearrangement can be avoided not only by selec- 
ting carbonyl and halogen compounds of suitable structure, but also by selecting suitable conditions of condensation, 
and this possibility promises to extend greatly the scope of this method of synthesizing branched hydrocarbons. We 
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will give one further example of the effect of the condensation conditions on the character of the products. It was 
shown recently by Petrov and Shebanova (9) that in the treatment of 3,4-dichloro-3,4-dimethylhexane with allyl- 


magnesium chloride at room temperature condensation occurred with only one molecule of allyl halide with simul- 
taneous elimination of a molecule of HCI: 


C-C-C-G-C-C+ 2CIMg~C-C=C —> C-C— HCl 


By carrying out the condensation at —10°, we have succeeded in the present investigation in obtaining not 


only this Cy, hydrocarbon (in about 19% yield), but also the desired Cy, diene, which was hydrogenated with forma- 
tion of 4,5-diethyl-4,5-dimethyloctane. 


It was pointed out above that in condensations with ketones having a.8 -double bonds (i.e., characterized by 
™ .« -conjugation) even allyl halides that can undergo the allyl rearrangement do not, in fact, lsomerize, evidently 


owing to the particularly high rates of reaction that obtain in this case, ie., the case in which a conjugated system 
is found in both reaction components. 


Recently. while working on the problem of finding 2-alkenyl halides that do not undergo the allyl rearrange- 
ment (on account of various steric or electronic effects) in condensations not only with alkenyl halides but also 
with alkyl halides, Petrov and Lavrishcheva [10] made the following observation. It was found that the tertiary 
alcohol synthesized from pinacolone and BrMgC—C -C forms an active halogen derivative having a double bond 
in the 8-position. and that this reacts with RMgX (R may be allyl or propyl) without undergoing the allyl rearrange - 
ment. This peculiarity of the halogen compound. is not shared by such compounds as 4-bromo (or chloro)-4- methyl- 
1-pentene (in the formation of which the double bond is not displaced from the allyl to the propenyl position, so 
that these halogen compounds are inactive), nor by other tertiary halogen compounds containing allyl radicals and 
undergoing the allyl rearrangement in the course of their formation, and this halogen compound (4-chloro- 4,5,5- 
trimethyl-2-hexene) may be used in the synthesis of hydrocatbons containing two adjacent quaternary carbons: 


C-C-¢-X+ Mg+ X-C-C=C C-C-C-C-C=C, yield 30%. 


—X+Mg+ X-C-C-C —» C-C-C-C-C-C, yield 20%. 


The high yields attained (in comparison with those obtained in the condensation of an allyl halide with 2- 
chloro-2,3,8-trimethylbutane (Equation 2) were at first attributed by us solely to the occurrence of o,* -conjuga- 
tion in both components in the first case, but in one component only in the second. Continuing this investigation, 
Fetrov and Sushchinsky replaced allyl by 2-methylallyl in the tertiary halice, but this made it necessary to hydro- 
genate the unsaturated tertiary alcohol before its conversion into the halogen compound. The reactions of Equations 
14 and 15 were carried out, and it was found that saturated but asymmetrical tertiary chloro compounds analogous 


to 2-chloro-2,3,3-trimethylbutane give condensation products in yields that differ little from those cbtained from 
2-alkenyl halides of the same structural type. 


— 
— 


—Cl+e Mg+ C- yield 36% 


we 


—CI-Mg+ Cl-C-C=C —C-C=C, yield 25. 
Cc 


Somewhat lower yields were obtained when the {isobutyl radical in the ripe: halide was replaced by propyl 
and, particularly, by ethyl (Equations 16 and 17): 


C-C-C-Cl+ Mg+ -C-C-C, yield 20%. 


mi 


- (C-C-C-Cl+ Mg+ Cl-C-C=C ——> C-C-C-C-C=C, yield 8%. 


iz =C, yield 6%. (18) 


At the same time, it was shown that the use of 2-methylallyl chloride in the condensation instead of allyl 
chloride results in some improvement in the yield, but the improvement is relatively small. The increase of the 
yields in a series of condensation products formed with allyl or 2-methylallyl chloride by halogen. compounds in 
which a methyl standing at the central carbon, which is attached to the halogen, is replaced successively by ethyl, 
propyl and isobutyl is probably to be explained by the inductive effect on the carbon-halogen bond, which is known 
[11] to increase in the series: 


CH,—< —CH,—CH, < —CH,—-CH,—CH, < bat <—C(CHy),. 


It is interesting also to note that the reaction of Equation 19 went with a yield of 6%, whereas hexamethy!- 
ethane is obtained in only 3% yield under these conditions, and octamethylhexane is not formed at all. 


— 
(17) 


It is possible that the high yields obtained in the reactions of Equations 14, 15, 16 and 19 are to be attributed 
not only to the inductive effect, but also to 0,0-conjugation, but in order to prove the existence of this effect 
further investigations are necessary. We may note, however, the parallelism existing between the reactivity of 


ketones (high when the hydrogens on the @-C are unsubstituted “C-Ch,= , and low when they are substituted 


4. i.e., when the electron shift is prevented) and that of the alkyl halides studied ny es and 
Ci-¢-¢-. 


EXPERIMENTAL 


2,3,4,.5,6-Pentamethylheptane. From 108 g of acetyl chloride and 98 g of 2-methyl-2-butene, 72 g of 3,4- 
dimethyl-3-penten-2-one (b.p. 146-147°, nh 1.4472; 42° 0.8678) was prepared by Kondakov’s method [12]. A mix- 
ture of the product (72 g) and 94 g of 3-chloro-2-methyl-1-butene as a solution in 300 ml of ether was added with 
stirring to 50 g of magnesium in 300 ml of ether. Stirring was continued for 70 hours without the application of 
heat. and decomposition was then effecte:: with ainmonium chloride solution and ice. Ether was distilled off at 
atmospheric pressure, and at reduced pres<ure the Cy diene fraction came over up to 65° (7 mm) and was followed 
by 56 g (48%) of a fraction boiling at 76-77° (7 mm) and having nj§ 1.4710 and di® 0.8833; this was the tertiary al- 


cohol. 2,3.4,5.6-pentamethyl-1,5-pentadien-4-ol (or, if the allyl halide underwent isomerization, 2,3,4,6-tetra- 
me thyl-2.6-octadien-4-ol). 


The alcohol (15 g) was oxidized with a 2% potassium permanganate solution. Among the neutral oxidation 
products, acetone (its 2.4-dinitrophenylhydrazone gave no depression with that of acetone) and 2,3-butanedione 
(2.4-dinitrophenylhydrazone, m.p. 314-315") were identified In the evaporated solution of salts only formic acid 
(no acetic) was detected, and it was determined quantitatively by the calomel method (1.1633 g). The isomeric 
2.3,4,6-tetramethyl-2,6-octadien-4-ol should have yielded acetone, 2,3-butanedione, and acetic acid, so that our 
only evidence for the absence of this alcohol and, therefore, of the non-occurrence of the allyl rearrangement rests 
on the results of the investigation of the acid fraction. It is fortunate that we were able to obtain supplementary 
evidence in the course of later investigation for the absence of this alcohol (and, therefore, for the non-occurrence 
of the allyl rearrangement) in the products of the condensation of the allyl halide with the unsaturated ketone. 


2,3,4,5,6-Pentamethyl-1,5-heptadien-4-ol (40 g) was boiled for 30 hours with 69 g of acetic anhydride and 
27 g of sodium acetate. The products isolated were 15.3 g of a fraction boiling at 55-56° (7 mm) and having 
nf§ 1.4650 and d;* 0.8118, which corresponded to the triene 2,3,4,5,6-pentamethyl-1,3,5-heptatriene, and 10.2 g 
of unchanged alcohol. The triene (15 g) was subjected to hydrogenation in methanol solution over Raney nickel 
at 169° and 120 atm. The hydrogenation product had the following properties: b.p. 60-68° (10 mm); nb 1.4418; 
d:° 0 7862; it readily decclorized bromine water. The presence in the hydrogenation product of one double bond 
was confirmed also by Raman spectrum analysis and by elementary analysis. 


Found %: C 85.25; H 14.69 
CyHy,- Calculated %: C 85.63; H 14.37 
Calculated %: C 84.61; H 15.39 


In view of the fact that tetrasubstituted ethylenes are considerably more difficult to hydrogenate than di- 
substituted ethylenes, and also that the difficulty cf hydrogenation increases when the double bond is moved to the 
center of the molecule, we supposed that the hydrogenation product was 2,3,4,5,6-pentamethyl-3-heptene (I) with 
some admixture of 2,3,4,6-tetramethyl-2-octene (II) (though only if at least partial allyl rearrangement had oc- 


In order to establish the structure of the olefin, it was subjected to permanganate oxidation. In the cold,oxi- 
dation proceeded with difficulty: the hydrocarbon was not oxidized even with a 6% solution of potassium perman- 
ganate. It was oxidized at the boil for ten days, and 4.7 g of the hydrocarbon gave the following neutral oxidation 
products (no acid oxidation products were detected): 


Fraction 1, b.p. 17-98": 0.2 g: nf 1.3881 
Fraction Il, b.p. 120-130"; 0.2 g; 1.4134 
Fraction Ill, b.p. 62-65° (10 mm): 1.4 g; nj 1.4412 


Fraction I gave a precipitate with 2,4-dinitrophenylhydrazine- the product melted at 116-117° after four re- 
crystallizations and gave no depression in admixture with the 2,4-dinitrophenylhydrazone of 3-methyl-2-butanone. 
Fraction Il gave a 2.4-dinitrophenylhydrazone of m.p. 101-102', which corresponds [13] to the dinitrophenylhydraz- 

ne of 3.4-dimethyl-2-pentanone. The absence in the oxidation products of acetone and of a C, ketone may be 
taken as proof that there is no olefin (I!) present in the olefin investigated. Fraction Ill was found to be unoxidized 
olefin. When a more active catalyst than nickel was used, namely palladium on silica gel, over which the olefin 
was teated at 163° and 124 atm, it was found possible to convert it into the paraffin hydrocarbon 2,3,4,5,6-penta- 
methylheptane, b.p. 64-66° (11 mm», ny 1.4392; d3° 0.7838: freezing point below —80° (freezes to a glass). 


4.5-Diethyl-4,.5-dimethyloctane. An ethereal solution of 100 g of 3,4-dichloro-3,4-dimethylhexane and 
152 g of allyl chloride was added dropwise to 48 g of magnesium. At the beginning of the addition the small amount 
of chloro compounds present was heated to the boiling point of ether, but when the reaction began the water bath 
was replaced by an acetone bath in which a temperature of —20° was maintained throughout the addition operation. 
After decomposition of the reaction product and removal of ether, two fractions were sepatated by fractional dis- 
tullation: 


Fraction 1, b.p. 178-180° (760 mm); yield 38%: nj} 1.4560; d2° 0.802, 
‘Fraction I, b.p. 210-215" (760 mm); yield 10%; nf§ 1.4620; d2* 0.818. 


When Fraction II was oxidized with a 1% solution of potassium «rmanganate, only acid oxidation products 
were obtained. Among these formic acid was identified, and fractional precipitation with silver nitrate gave the 
silver salt of an acid containing 31.82% Ag. For the salt of an epoxy acid C,sH,,O,Ag the percentage of silver would 
be 32.2. The epoxy acid was evidently formed according to the scheme: _~ 


C=C-C-C-C-C-C=C —> 


The fraction of b.p. 210-215" was hydrogenated over Raney nickel at 190° and 200 atm. The hydrogenation 
product boiled at 216-218", had a freezing point of below —80°, and had nb 1.4440.and a? 0.798. 


4-tert-Butyl-2.4.6-trimethylheptane. The reactants were magnesium (73 g), pinacolone (100.3 g), and 2- 
methylallyl chloride (135 g). The reaction was carried out in accordance with Yarovsky’s procedure. The product 
was 142 g of 2.2.3.5-tetramethyl-4-hexen-3-ol, b.p. 46° (4 mm); nj) 1.4502; di 0.8514. Whitmore (14) has pre- 
viously prepared an alcohol of this suucture, but by another method (reaction of mesityl oxide with tert-butylmag- 
nesium chloride) and in considerably lower yield, and he reported very similar physical properties. The structure 
of the alcohol. which. on account of the displacement of the double bond, was 2,2,3,5-tetramethyl-4-hexen-3-ol, 

H 


was proved by oxidation, the identified products being acetone and the crystalline hydroxy acid C-C-—C—COOH, 


m.p. 141°, previously described by Petrov and Lavrishcheva [10]. A mixture test with the previously synthesized 
acid showed no depression. As a result of an attempt to carry out the hydrochlorination of this unsaturated acid, 
the dichlorocompound CygHygCl, was obtained. The unsaturated alcohol was then hydrogenated, and the product 
had the following properties: b.p. 84.6-84.8° (25 mm); nj§ 1.4368; dj’ 0.8393. The conversion of 2,2,3,5-tetra- 
methyl-3-hexanol into its hydrochloric ester was carried out by the passage of HCl at 0°. The chlorocompound 
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boiled at 72,¢--73.5° (28 mm) and had njj 1.4455and ae 1.8778. This chloro compound was condensed with 2- 
chloride Yarovsky’s The product had the following properties: b.p. 92.5° 
(12 mm): ni 1.4584; 3° 0.8163; its hydrogen product had d3* 0.7995, and its freezing point was —86”. 


3-Ethyl-2,2,3-trimethylhexane. The materials taken for the reaction were 28 g of magnesium, 500 ml of 
absolute ether. 76.6 g of allyl chloride, and 124.2 g of 3-chloro-2,2,3-trimethylpentane [4]. The reaction was 
carried out by Yarovsky’s procedure, the m!xture of chloro compounds being added over six hours. The contents 
of the flask were then lieated for 36 hours, and decomposition was effected with ¥HC1 After removal of ether, 
the residue was fractionated through a column »ver sodium, and 11 g (9%) of 4-ethyl-4,5,5-trimethyl-1-hexene 
(b.p. 59° (12 mm); ni 1.4403; 42° 0.7834) was obtained. The olefin was hydrogenated over Raney nickel at 
140°, the initial pressure being 130 atm. The hydrogenation product, after distillation through a colunn, had the 
following propertics: b.p. 176.5° (739 mm), nj 1.4386; 2° 0.7783; freezing point —110° (it freezes to a glass). 


2.4.4,5,5,7-Hexamethyloctane. 2,4-Dimethyl-2-pentanol was prepared by Konovalov’s method {15}. The 
corresponding chloro;compound was then synthesized for the first time by treatment with gaseous HCl at 0°. The 
yleld was 70%, and it had b.p. 52° (46 mm); nj§ 1.4180; dj’ 0.8601. 


Found %: Cl 26.72 
C,HyCl. Calculated %: Cl 26.33 


The materials taken for the reaction were 11 g of magnesium, 500 ml of absolute ether, and 125.9 g of 2- 
chloro-2,4-dimethylpentane. Reaction was initiated by the addition of 2 ml of ethyl bromide, and a solution of 
the chloro compound in ether was then added over six hours. After the addition was complete the contents of the 
flask were heated at the boiling point of ether for 32 hours. After removal of ether and 2,4-dimethyl-1-pentene by 
distillation, tie residue was fractionated over sodium Srough a six-plate column. The product was 5.2 g (67%) of 
2.4,4.5,5.7-hexamethyloctane, b.p. 216° (743 mm); njj 1.4408; da° 0.7902; freezing point + 2° (crystals). 


Yu. P. Egorov determined the Raman spectrum of the hydrocarbon, which included intensive lines at 697, 
936, 1210, and 1236 cm™' A consideration of Stepanov's calculations[16] and experimental data for Cy—-Ciy 
hydrocarbons having tertiary carbons at the periphery and at the center shows that these lines must be regarded as 
characterizing the presence of two tertiary carbons in the center of the molecule. The frequencies 823, 960, and 
1173 cm"! characterizing simple branching at the end cf the chain, were alse found in the spectrum. 


It is interesting to note that, as Levina [17] has shown, it {s not possible to obtain the above-indicated struc- 
ture (but in the form of a diolefin) by the condensation of two molecules of the HBr-addition product from 2,4-di- 


methyl-1,3-pentadiene in presence of sodium; quantitative dehydrobromination to 2,4-dimethyl-1,3-pentadiene 
occurs, and a dimer of composition C,,H,, fs formed. 


SUMMARY 


1. It is shown that the use of 2-alkenyl halides or ketones having a a,8 -double bond in organomagnesium 
syntheses gives higher yields than those obtained with saturated halogen compounds or ketones and, moreover, 


permits the synthesis of compounds that are so greatly branched that they camot be obtained at all when saturated 
components are used in the synthesis. 


2. Halogen compounds of the allyl type that are able to undergo the allyl rearrangement during condensa- 
tion with saturated ketones do not undergo this change during condensation with @,3-unsaturated ketones (Le., 
when there is a conjugated system of bonds i: each component). 


3. Whereas the condensation of allyl an? 2-methylallyl halides with symmetrical saturated tertiary halides 
containing two adjacent quaternary carbons (2-halo-2,3,3-trimethylbutane) proceeds with low yield, asymmetrical 
halogen compounds of the same type but of higher molecular weight, in which one of the methyl radicals standing 


at the carbon attached to the halogen fs replaced by propyl or isobutyl, give high yields in the condensation reac- 
tion. 


N. D. Zelinsky Instiwute of Organic Chemistry 
i 
ae as of the USSR Academy of Sciences 
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SOME REACTIONS OF ALKYL 2-PHENOXYVINYL KETONES 


A. N. Nesmeyanov, N. K. Kochetkov, M. 1. Rybinskaya and E. V. Uglova 


Alkyl 2-phenoxyvinyl ketones, which were preparedrecently in our laboratory by the reaction of alkyl 2-: 
chlorovinyl ketones with phenols (1), have received very little study. The readiness with which the phenoxy group 
undergoes exchange reactions is of interest: it {s eliminated in treatments with acidic reagents and also in the for- 
mation of heterocyclic systems from 2-phenoxyvinyl ketones [1]. Apart from these reactions we have studied a 


peculiar rearrangement of 2-phenoxyvinyl ketones into pyrylium salts which is reminiscent of the Fries rearrange- 
ment [2]. 


The present paper is devoted to the further investigation of the chemical behavior of alkyl 2-phenoxyvinyl 
ketones. It was considered to be of interest to compare the reactivity of these substances with that of 2-dialkyl- 
aminovinyl ketones, which have been recently studied by one of us [3], and also with that of 2-chloroviny] ket- 
ones. It would be expected that, with respect to the activity of the double bond and carbonyl group, 2-phenoxy- 
vinyl ketones would occupy an intermediate position between these other two classes of compound. The conjuga- 
tion of the free electron pair of the hetero-atom with the double bond and the carbonyl group, to which the deac- 


tuvation found in aminovinyl ketones is to be attributed ee (3], will obviously be less effective when 


nitrogen is replaced by the oxygen of the phenoxy group, though in the phenoxyvinyl ketones this conjugation must be 
more marked than in 2-chlorovinyl ketone. These considerations lead us to suppose that in 2-phenoxyvinyl ketones 


the ca:bonyl group and, particularly, the ccuble bond will be less reactive than in 2-chloroviny] ketones, though this 
deactivation will not be as great as in 2-dialkylaminovinyl ketones. Our results confirm this view. 


We first examined the catalytic hydrogenation of alkyl 2-phenoxyvinyl ketones at room temperature and 
normal pressure with the object of comparing them with 2-aminovinyl ketones, which are unable to undergo normal 
hydrogenation (3). It was found that the hydrogenation of alkyl 2-phenoxyvinyl ketones (the methyl and propyl ket- 
ones were used) takes different courses according to which catalyst is used. Over palladium precipitated on barium 
sulfate the reaction goes normally, and the corresponding alkyl 2-phenoxyethyl ketones are formed in high yieid, 
although it must be pointed out that the process is very slow, the hydrogenation of even very small amounts being 
complete only after 6-7 hours. On the other hand, hydrogenation over ah Adanis platinum catalyst does not give 
the expected reaction product. Instead, hydrogenolysis of the oxygen-carbon bond occurs, and only phenol and the 
corresponding saturated ketone can be isolated from the reaction mixture: 


H 


R = CHs, C3H; 


The hydrogenation of alkyl 2-phenoxyvinyl ketones is, therefore, an example of a reaction in which catalysts 
as similar in character as platinum and palladium give completely different results. The observed behavior shows 
also that in alkyl 2-phenoxyvinyl ketones the double bond is indeed deactivated (slow hydrogenation over pallad- 
ium; hydrogenolysis over platinum). This deactivation, however, is not as great as that found in 2-aminovinyl ket- 
ones, since the latter, unlike the phenoxy compounds, are unable to undergo normal hydrogenation. 


From this point of view the observed behavior of alkyl 2-phenoxyvinyl ketones in a diene-synthesis reaction 
is particularly characteristic. It is known that 2-chlorovinyl ketones are active dienophiles [4, 5], whereas, owing 
to the complete deactivation of the double bond, 2-dialkylaminovinyl ketones do not condense with dienes (3). It 
was found that neit her at room temperature nor at 100° for several hours will methyl or propyl 2-phenoxyvinyl 
ketone condense with cyclopentadiene, which was selected as one of the most active dienes. This behavior sharply | 
differentiates 2-phenoxyvinyl ketones from 2-chlorovinyl ketones, which react already in the cold with cyclopenta- 
diene [4], forming adducts in high yield, However, under very vigorous conditions (145-155° for 15-16 hours) nor- 
mal diene condensation occurs with formation of the corresponding phenoxy derivatives of bicyclo[2.2.1Jhept-2-ene: 
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OR 
S CH-OC#H, OC 
R= CHy, 


It must be pointed out, however, that under the severe conditions the condensation products are formed in 
moderate yields (30-50%). The structures of the resulting compounds were confirmed by tests for the double bond 
and the carbonyl group (formation of a dinitrophenylhydrazone) and by a positive lodoform test. 


A confirmatory synthesis was carried out for 5-acetyl-6-phenoxybicyclo[2.2.1}hept-2-ene (methyl 3-phenoxy- 
bicyclo{2.2. 1Jhept-5-en-2-yl ketone), the starting point being 5-acetyl-6-chlorobicyclo[2.2.1Jiept-2-ene, which 
has been prepared previously [4]. As one of us and Karpeisky [6] have shown, the chlorine atom of this compound 
can readily be repiaced by other nucleophilic groups. We found that weatment of 5-acetyl-6-chlorobicyclo(2.2.1]- 
hept-2-ene with sodium phenoxide in molten phenol or with phenol in an aqueous medium gave a phenoxy deriva- 
tive in high yield, and the product was found to be identical with the substance obtained by the direct condensation 
of cyclopentadiene and methyl 2- phenoxyvinyl ketone: 


The results obtained for the reaction of the chlorobicyclo{2.2.1}hept-2-ene with phenol are interesting in 
that they provide final confirmation for the hypothesis advanced previously [6], according to which the replacement 
of chlorine in this compound occurs without Wagner rearrangement of the carbon skeleton. 


Reverting now to the diene condensation of 2-phenoxyvinyl ketones, we must conclude that the results ob- 
tained provide particularly clear evidence for the middle place that the double bond of 2-phenoxyvinyl ketones 


occupies. with respect to activity, in the series: 2-chlorovinyl ketones — 2-phenoxyvinyl ketones — 2-aminovinyl 
ketones. 


In order to elucidate the nature of the carbonyt group in alkyl 2-phenoxyvinyl ketones, it was of interest to 
determine the behavior of these compounds in reaction with organomagnesium compounds. Investigation showed 
that reactions of this type are rather complex, and this paper describes only the reaction of methyl 2-phenoxyvinyl 
ketone with methylmagnesium bromide. Carrying out the eaction under the usual conditions, i.e., by addition of 
methyl 2-phenoxyvinyl ketone to an equimolecular amount 2f theorganomagnesium compound, we were able to 
isolate two substances from the reaction mixture, the total yseld being about 20%. One of these substances was 

the unsaturated alcohol 2-methyl-3-penten-2-ol, and the other the product resulting from the dehydration of this 
alcohol — 2-methyl-1,3-pentadiene. The structure of the latter was proved not only by the coincidence of constants, 
but also by the preparation of its previously known adduct with maleic anhydride. The structure of the alcohol was 
confirmed by its conversion into the same 2-methyl-1,3-pentadiene by dehydration in presence of small amounts 

of sulfuric acid. The combined yield of alcohol and diene was increased when excess of the organomagnesium 
compound was used; it attained 40% when 100% excess was used, and at the same time the relative proportion of 
Ciene in the mixture increased [7]. The same results were obtained by carrying out the reaction under different 


concitions — under intense cooling (to —50°) and with reversal of the order of mixing the reactants — bur the yields 
of diene and alcohol were then reduced. 


The formation of 2-methyl-3-penten-2-ol, and hence of the diene obtained by its dehydration, can be most 
readily understood on the assumption that the unsaturated ketone 3-penten-2-one is first formed add then reacts 
further with the organomagnesium compound to give the unsaturated alcohol: 


Hy 
H 


3 
— 


Hence. the first stage of the reaction is probably the replacement of the nhenoxy group, and not condensation 
at the carbonyl group. We cannot maintain that this is the only direction that re action takes, for the yield of the 
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fsolated substances {s only 40% and the residue remaining undistilled is considerable and may contain substances 
formed by primary reaction at the carbonyl group. It is notable also that 2-chlorovinyl ketones react only at the 
caroonyl group with organomagnesium compounds [8]. However, the primary reaction of the phenoxyvinyl ketones 
is replacement of the phenoxy group, which indicates some suppression of the typical properties of the carbonyl 
group relative to the level found in 2-chlorovinyl ketones. 


Thus, the results of catalytic hydrogenation, diene condensation, and reaction with organomagnesium com- 
pounds confirm the correctness of the hypothesis advanced at the beginning of the paper concerning the middle 


place occupied by 2-phenoxyvinyl ketones in the series: 2-chlorovinyl ketones — 2-phenoxyvinyl ketones — 2- 
aminovinyl ketones. 


Finally, we investigated the peculiar reaction of hydrolytic decomposition which 2-phenoxyvinyl ketones 
undergo in an alkaline medium. It was found that these substances are in no sense inert to the action of aqueous 
alkalis, a fact which had been indicated indirectly in the course of the development of the method for synthesizing 
them [1]. When methyl 2-phenoxyvinyl ketone was heated at 30-40° for several hours with 15% aqueous caustic 
soda, hydrolytic decomposition occurred; acetone and phenol were isolated from the resulting mixture and iden- 
tified, and a calomel test indicated the presence of formic acid Similar hydrolytic decomposition {s undergone by 
certain alkoxyvinyl ketones [9]. The occurrence of such decomposition indicates the peculiar character of alkyl 
phenoxyvinyl ketones, which can be regarded as vinylogs of pheny] esters. 


EXPERIMENTAL 


1. Hydrogenation of methyl 2-phenoxyvinyl ketone (4- y-3-buten-2-one) over palladium. Methyl 
2-phenoxyvinyl ketone (9.0°g) was hyd:ogenated in 80 ml of absolute ether over palladium precipitated on barium 
sulfate (0.5 g of catalyst containing 77 of palladium). In the course of six hours 1.09 liters of hydrogen (calcula- 
tion requires 1.24 liters) was absorbed, and hydrogenation was discontinued. The catalyst was filtered off, and the 
filtrate was washed with an alkaline permanganate solution, washed with water, and dried over sodium sulfate. The 
ether was removed, and the residue was vacuum-distilled. After redistillation methyl 2-phenoxyethyl ketone had 
the following constants: b p. 123-124" (8 mm); dq’ 1.0606; nj} 1.5165; yield 6.6 g (73.3%). 


Found %: C 73.24; 73.04; H 7.38; 7.29 
CyHy,O,. Calculated %: C 73.14; H 7.37 


Methyl 2-phenoxyethy! ketone (4-phenoxy-2-butanone) is a colorless liquid of pleasant odor. It fs immiscible 
with water. 


Its dinitrophenylhydrazone was prepared in the usual way. After recrystallization from alcohol it was obtained 
as yellow needles melting at 143-144”. ; 


Found %: N 16.38; 16.39 
CygHgO,N,. Calculated %: N 16.28 


Its oxime was prepared in the usual way. After recrystallization from alcohol it was obtained as colorless 
needles melting at 67-68". 


Found %: N 8.07; 7.85 
Calculated %: N 7.82. 


2. Hydrogenation of 2-phenoxyvinyl propyl ketone (1-_phenoxy-1-hexen-3 one) over palladium. The hydro- 
genation of 7.0 g of 2-phenoxyvinyl propyl ketone was carried out in a similar way (0.4 g of catalyst). In the course 
of 6.5 hours, 800 ml of hydrogen was absorbed (theory requires 820 ml) Similar treatment yielded 5.0 g (71.4%) of 
2-phenoxyethyl propyl ketone, b.p. 126-126.5° (4mm), which solidified completely. After recrystallization from. 

_ petroleum ether the substance melted at 36-37.5°. 


Found %: C 75.35; 75.36; H 8.32; 8.26 
CyH0,. Calculated: C 75.00: H 8.39 


2-Phenoxyethyl propyl ketone (1-phenoxy-3-hexanone) is soluble in alcohol and ether, but not in water. 


3._Hydrogenation of 2-phenoxyvinyl propyl ketone over platinum. 2-Phenoxyvinyl propyl ketone (10.0 g) 
was hydrogenated in 70 ml of absolute ether over 9.2 g of Adams platinum oxide. In the course of ten hours 2.20 | 
liters of hydrogen was absorbed (theory requires 2.30 liters for two molecular proportions). The catalyst was filtered 
off, and the filtrate was washed with 10% caustic soda solution, washed with an alkaline permanganate solution, and 
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dried over sodium sulfate. The residue remaining after removal of ether was distilled twice, and a fraction boil - 
ns at 120-125° was collected. This fraction was converted into its dinitrophenylhydrazone, which was recrystal- 

zed from alcohol as yellow crysials, m.p. 128-129°. It showed no depression in melting point when mixed with 
ne dinitrophenylh ydrazone of ethyl propyl ketone (3-hexanone), the reported melting point of which ts 130° (10). 
The aqueous-alkali extract was acidified with 20% sulfuric acid, and bromine water was added until it was no~ 
longer decolorized. The precipitate of tribromophenol was filtered off and recrystallized from alcohol in the form 
- colorless crystals, m.p. 92-93", undepressed by admixture of a known sample. The reported melting point of ti- 
omophenol is 94° (11). 


4 Condensation of methyl 2-phenoxyvinyl ketone with cyclopentadiene, A mixture of 10 g of methyl 2- 

4 puenoxyvinyl ketone and 6.5 g of freshly distilled cyclopentadiene was prepared in an ampoule, which was placed, 
unsealed, in a small autoclave and heated at 145-155° for 15 hours. The reaction products from three such ex- 
periments were combined and vacuum-distilled, the fraction boiling at 132-138° (1.5 mm) being collected. After 
acetyl-6-phenaxybicyclo[2. 2. 1Jhept-2-ene had the following constants: b.p. 132-134" (1.5 mm); 
oi 1.1159: n2% 1.5481: found MR 64.93; calculated for CisHy,0, f g MR 64.65; the yield was 13.6 g (29%). 


Found %: C 78.61; 78.50; H 7.17: 7.06 
Calculated C 78.94; H 7.01 


The substance is a yellowish viscous oil having a camphorlike odor. It changes little with keeping. 


Its dinitrophenylhydrazone was prepared in the usual way. After recrystallization from glacial acetic acid 
it formed orange needles, m.p. 152-153". 


Found C 62. H 5.05 


Condensation of 2-phenoxyvinyl propyl ketone with a ER tg The reaction was carried out 
uncer sin milag conditions with 12 g of 2-phenoxyvinyl propyl ketone and 10 g of cyclopentadiene, two experiments 
being performed. After two redistillations, 5-butyryl-6-phenoxybicyclo[2.2. 1Jhept-2-ene had the following constants: 
bp 147-150" (2 mm); 1.0814: 1.5370; found MR 73.89: calculated for MR 73.89; the yield was 
15 9 g (49%). 


Found %o: C 79.56; 79.45: H 7.90; 7.97 
 Calculated%: C 79.61; H 7.87 


The substance is a yellowish viscous oil having < camphorlike odor. It changes little with keeping. 


5_ Reaction of 5-acety!-6-chlorobicyclo[2.2. lJkept-2-cne with phenol. A. To 15 g of melted phenol 1.35 
g of sodium was added in smail portions, and then 10 g of 5-acetyl-6- =chlorobicyclo[< .2, 1Jhe pt-2-ene [4] was added | 
gradually The mixture was shaken for 5.5 hours, heat being applied from time to time. It was then poured into 
water, and 75 ml of 40% caustic soca was added. The mixture was filtered, and the filtrate was extracted with 

ether. The extract was washed with 10% caustic soda to remove phenol, and then washed with water and dried over 

sodium sulfate. Ether was distilled off, and the residue was vacuum-distilled. 5-Acety]-6-phenoxybicyclo[2.2.1]- 


hept-2-ene has the following constants: b.p. 136-140° (5 mm); dg 1.1157; nf} 1.5471; the yield was 6.45 g (48.9%). 


B. 5-Acetyl-6-chlorobicyclo[2.2.1Jhept-2-ene (10 g) was added to a solution of 25 g of phenol in 45 ml 
of 40f2 caustic potash solution, the mixture being shaken during the addition and then for a further five hours. Af- ' 
ter the treatment described above (A). 96g (72.2%) of 5-acetyl-6-phenoxybicyclo[2.2. 1Jhept-2-ene was ob- 
tained. It had the following properties: 136-138" (5 mm); 1.1161; nj§ 1.5477. 


The dinitrophenylhydrazones obtained in the usual way from the two samples of 5-acetyl-6-phenoxybicyclo 
(2.2. iJhept-2-ene both melted at 152-154" after recrystallization from acetic acid. Mixture tests on these two 
samples and the sample obtained in Experiment 4, taken in pairs, showed no depression. 


7. Reaction of methyl 2-phenoxyvinyl ketone with methylmagnesium bromide. A solution of methylmag- 
nesium bromide was prepared in the usual way from 16 g of magnesium and the corresponding amount of methyl 
bromide in 350 ml of ether. It was placed in a three-necked flask, which was provided with stirrer, reflux con- 
censer, and dropping funnel. Cooling was applied by means of an ice mixture, and 50 ml of a solution of 50 g of 
methyl 2-phenoxyvinyl ketone in 75 ml of ether was added dropwise. Toward the end of the reaction a white 
precipitate appeared. The mixture was stirred for one hour and then poured into a mixture of ice and ammonium 
chloride. The ether layer was separated, and the aqueous layer “4sextracted with ether. The combined extract 
was washed with ¥ caustic soda solution to remove phenol, and was then washed with water and dried over sodium 
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sulfate. The ether was carefully distilled off, and the residue was distilled, At 82-90° a substance came over to- 
gether with water. The water was separated, and the organic layer was dried and redistilled, two fractions being 
collected: Fraction I, b.p. 74-77° (750 mm), and Fraction II, b.p. 68-72° (128 mm). Redistillation of Fraction I 
yielded 2-methyl-1,3-pentadiene, the constants of which were: b.p. 74-75° (750 mm); dj’ 0.7209: nj 1.4460: 


the yield was 5.2 g (20%). For 2-methyl-1,3-pentadiene the literature (12) gives b.p. 75.6-76"; de 0.7190; nf 
1.4466. 


Found %: C 87.71; 87.69: H 12.46; 12.31 
Calculated %: C 87,80; H 12.20 


Redistillation of Fraction II yielded 2-methyl-3-penten-2-ol, which had the following constants: b.p. 
121-122"; d%’ 0.8370: ni 1.4302; The yield was 6.1 g (19%). For 2-methyl-3-penten-2-ol the literature [12] 
gives b.p. 121.6-122°; 1.4295; 0.8343. 


Found C 71.62; 71.47; H 12.13; 11.97 
Calculated % C 71.95; H 12.01 


After the distillation of Fractions I and II, a thick resinous mass remained in the distillation flask, and from 
this we could remove only a small amount of phenol by distillation. 


8. Reaction of 2-methyl-1,3-pentadiene with maleic anhydride. A mixture of 1.6 g of the diene, 1.9 g of © 
maleic anhydride, and 25 ml of benzene was set aside overnight. Benzene was then removed under reduced pres- 
sure, and the residue was washed with hot water. The undissolved crystals were filtered off and recrystallized from 
ligroin. Colorless plates melting at 55.5-56.5° were obtained. For the adduct formed by 2-methyl-1,3-pentadiene 
with maleic anhydride the literature [13] gives m.p. 57°. 


9. Dehydration of 2 methyl-3-penten-2-ol. A few drops of 40% sulfuric acid were added to 7 g of the 
alcohol contained in a Favorsky flask, and the mixture was heated gently over a gauze. The distillate separated 
into two layers, and the water layer was removed. The organic layer was dried over sodium sulfate and distilled, 
when it yielded 4.7 g (84%) of 2-methyl-1,3-pentadiene, b.p. 75-77"; d?’ 0.7207; nf 1.4460. 


The adduct with maleic anhydride, prepared as described above, melted at 55-56° and showed no depression 
of melting point in admixture with the substance obtained in Experiment 8. 


10. Reaction of methyl 2-phenoxyvinyl ketone with alkali. Methyl 2-phenoxyviny] ketone (28 g) was stirred 
vigorously for 4-5 hours with 170 ml of a 15% solution of caustic soda, the mixture being heated in a water bath 
maintained at 40-50°. At the end of thereaction the mixture became homogencous. A fraction boiling at 53-58" 
was separated from it with the aid of a good fractionating column. After redistillation the substance boiled at 55- 
57°. It was converted in the usual way into its dinitrophenylhydrazone, which had mp. 122°, undepressed by ad- 


‘mixture of known dinitrophenylhydrazone of acetone, for which the literature [14] gives m.p, 122-124". 


The residue remaining after removal of acetone was acidified with 10% sulfuric acid until feebly acid to 
litmus, and was then saturated with sodium carbonate. The solution was extracted with ether, the extract was 
dried over sodium sulfate, and the ether was distilled off. Distillation of the residue yielded 12.8 g (78.7%) of 
phenol, which was identified by conversion into tribromophenol. To one twenty-fifth part of the alkaline solu- 
tion a saturated mercuric chloride solution was added. The mixture was brought to the boil and then set aside 
overnight. The precipitate of calomel was filtered off. The yield was 1.45 g, which corresponds to 0.25 g (80% 
of the theoretical amount) of formic acid. An ammonia test for calomel was positive. 


SUMMARY 


1, Hydrogenation of alkyl 2-phenoxyvinyl ketones over a palladium catalyst yields alkyl 2-phenoxyethyl 
ketones, but in their hydrogenation over a platinum catalyst hydrogenolysis of the carbon-oxygen bond occurs, 
so that phenol and the corresponding saturated ketone are formed. : 


2. Reaction of alkyl 2-phenoxyvinyl ketones with cyclopentadiene yields derivatives of bicyclo{2.2.1]}hept- 
2-ene. This reaction, however, goes only under severe conditions, and the yields are not high. 


3. Reaction of methyl 2-phenoxyvinyl ketone with methylmagnesium bromide results in the formation of 
2-methyl-1,3-pentadiene and 2-methyl-3-penten-2-ol. 


4. When methyl 2-phenoxyvinyl ketone is heated with aqueous alkali, it undergoes hydrolytic decomposi- 
tion to acetone, phenol and formic acid. 


5. The results indicate that, with respect to the reactivities of the double bond and carbonyl group, 2-phenoxy- 
vinyl ketone: occupy an intermediate position between 2-chlorovinyl ketones and 2-aminovinyl ketones. 
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SYNTHESIS OF DODECANEDIOIC AND HEXADECANEDIOIC ACIDS 


A. N. Nesmeyanov, L. I. Zakharkin and T. A. Kost 


a, ,w- Tetrachloroalkanes Cl(CH,),CCl, are of interest for the synthesis of a,W-bifunctional compounds 
on account of the possibility of applying the reductive dimerization reaction given by the CCl, group: 


2RCCl, + H, RCCI,CCI,R+ 2HCI 


and of then reducing the CCI,CCI, grouping The reductive dimerization of the CCl, group has been studied in 
detail for benzotrichloride [1] and 2,2-diaryl-1,1,1-tichloroethanes [2, 3, 4] For the preparation of compounds 
of this type reduction has been effected electurochemically, by the action of reducing agents of the Devarda type, 
and catalytically with Pt and Pd catalysts in presence of bases. The reductive dimerization of a,a,«,w-tetra- 

chloroalkanes over a platinum catalyst (prepared from PrO,) in presence of ammonia fs described in a patent [5], 
and it is stated that reduction can be carried out further with the formation of dimeric a,w-dichloroalkanes: 


C1(CH,)nCCl, [C1(CH,)nCCl,} C1(CH,n¢ 


The selective action of hydrogen in this reaction, in which it preferentially attacks a CCl, group in presence 
of a CH,Cl group. is in accord with the view that we have advanced previously, namely that the action of reagents 
of the radical type on tetrachioroalkanes should be directed, in the first place, to the CCl, group [6] * 


The ready accessibility of 1,1,1,5-tetrachloropentane and 1.1,1,7-tetrachloroheptane makes it possible to 
use the compounds obtained by this reaction for the synthesis of the comparatively difficultly accessible dodecane. 
dioic and hexadecanedioic acids. With this object we have made a more detailed investigation of the reductive 


dimerization of 1,1,1,5-tetrachloropentane and 1,1,1,7-tetrachloroheptane and of the further reduction of the pro- 
ducts. 


The reduction of tetrachloroalkanes to a,w-dichloroalkanes proceeds in stages: after the formation of a 


dimeric hexachloroalkane, dechlorination occurs with formation of a dimeric tetrachloroalkene, which is then 
reduced to the a,w-dichloroalkane: 


CK(CH,)pCCl, —> [CKCH,),CC1=}, -> CKCH,)n 4 


An interesting feature is the great ease with which the grouping —CC1=CC1— reduces, as compared with CH,Cl. 


Hence, by the reduction of 1,1,1,5-tetrachloropentane, 1,5,5,6.6,10-hexachlorodecane, 1,5,6,10-tetrachloro-. 
5-decene, and 1,10-dichloz odecane can be prepared, and by the reduction of 1,1,1,7-tetrachloroheptane, 1,7,7,8,8,14- 
hexachlorotetradecane, 1,7,8,14 tetrachloro-7 -teuadecene, and 1,14-dichlorcte tadecane can be prepared. 


We have observed also another example of dechlorination during the catalytic hydrogenation of such poly- 
chloro compounds: in the hydrogenation of 1,1,1,2,5-pentachloropentane there is no dimerization with formation 
of [C1(CH,);CHCICC1,},, but dechlorination occurs with formation of 1,1,5-trichloro-1-pentene. 


When 1,1,1,5-tetrachloropentane and 1,1,1,7-tetrachloroheptane are hydrogenated over a platinum catalyst 
(prepared from PrtO,) or 5% Pd/BaSO, in presence of one equivalent of ammonia, similar results are obtained: 
hexachlorodecane and hexachlorotetradecane are obtained in yields varying around 50%, and at the same time 


considerable amounts of 1,1,5-trichloropentane and 1,1,7-trichloroheptane are obtained, i.e , hydrogenation pro- 
ceeds in both possible directions: 


* In this connection attention must be drawn to the incorrectness of a statement made in an American patent (TJ, — 
namely that 1,1,1,6,6,6-hexachlorohexane results from the action of certain metals on 1,1,1,3-tetrachloropropane. 
The constants of this compound coincide with those of 1,3,3,4,4,6-hexachlorohexane, which we prepared by the 
action of Raney nickel on 1,1,3-tetrachloropropane. 
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When tetrachloropentane and tetrachloroheptane are hydrogenated In presence of two equivalents of ammon- 

{a, tetrachlorodecene and tetrachlorotetradecene, respectively, are obtained in 40-49% yleld. The direct hydro- 

zenation of tetrachloropentane and tetrachloroheptane to the corresponding a ,w-duchloroalkanes without the iso- 
lation of intermediate products proceeds very slowly in the last stage and does not go to completion. Hydrogena- 
tion of tetrachloropentane with Raney nickel in presence of aqueous or alcoholic ammonia at atmospheric pressure 
gives hexachlorodecane in a yield of only 7-97, but when the reaction fs carried out in presence of aqueous alkali 
at 60-80" the yield of hexachlorodecane is increased to 25-20%. When tewachloropentane is hydrogenated over 
Raney nickel in presence of pyridine at 100 atm, no hexachlorodecane is formed, the main product being 1,1,5- 
trichloropentane. When tetrachloropentane is heated in alcoholic solution with a large amount of Raney nickel 
without passage of hydrogen, hexachlorodecane is formed. 


The hydrogenation of hexachlorodecane and of hexachlorotetradecane over Pt and Pd catalysts in presence of 
two molecular equivalents of ammonia proceeds readily, and tetrachlorodecene and tetrachlorotetradecene are 
formed in high yield. Both of the latter compounds are readily formed from the corresponding hexachloroalkanes 
when thes? are teated with zinc dust in alcoholic solution: 


(C(CH, 


The structure of 1,5,6,10-tewachloro-5-decene was confirmed by its ozonization to 5-chlorovaleric acid. 


The hydrogenation of hexachlorodecane to 1,10-dichlorodecane over a Pt catalyst in presence of ammonia 
is very slow, and the reaction products include a large amount of tetrachlorodecene. Under these conditions, tetra- 
chlorodecene and tetrachlorotetadecene are also hydrogenated very slowly. The hydrogenation of hexachloroalk- 
anes and tetrachloroalkenes to a,u-dichloroalkanes over Pd/BaSO, in presence of ammonia or dicthylamine pro- 
ceeds comparatively rapidly and in high yield. 


The hydrogenation of hexachlorodecane over Raney nickel in presence of diethylamine at high temperatures 
and pressures gives dichlorodecane in 70% yieid; with ammonia the reaction goes poorly. It follows from our res 
sults that for the synthesis of dichlorodecane or dichlorotetradecane from the corresponding tetrachloroalkane the 
reduction must be carried out in two stages; first to a hexachloro or tetrachloro compound, and then the reduc- 
tion of these to the a «/-dichloroalkane. In view of the necessity for two-stage reduction, we consider that the 
best route for the synthesis of dodecanedioic and tewadecanedioic acids will be the following: 


(CCH, )nCCl=}, + 2NaCN -> [NC(CH,),CCI=}, (HOOC(CH, HOOC(CH, 


The reaction of sodium cyanide with teuachlorodecene and with tetrachlorotetradecene proceeds smoothly 
2-ethoxyethanol solution; under the conditions of the reaction, the chlorine atoms at the double bond do not 
react with sodium cyanide. Nitriles obtained in this way were hydrolyzed by heating them with a mixture of 
hydrochloric and acetic acids, and the dicarboxylic acids formed were hydrogenated at high temperature and 
pressure in an aqueous alkaline medium in presence of Raney nickel, when dodecanedioic and hexadecanedioic 
acids were formed. 8,9-Dichloro-8-hexadecenedinitrile was reduced over Pd/BaSO, in presence of diethylamine 
and gave hexadecanedinitrile in good yield: 


[NC(CH,),CCI=}, te NC(CH,) CN 


When hexachlorodecane was treated with sodium cyanide, only the terminal chlorine atoms reacted. The 
resulting 6,6,7,7-tetrachlorododecanediniwile was hydrolyzed into the corresponding tetrachloro acid: 


[CCH,),CCl,}, [NC(CH,),CCl,} -> [HOOC(CH,),CCl} 


The corresponding nitriles were prepared also from 1,10-dichlorodecane and 1,14-dichlorotetradecane, and 
it was found that excellent results were obtained when 2-ethoxyethanol was used as solvent. 


EXPERIMENTAL 


Hydrogenation of 1,1,1,5-Tetrachloropentane to 1,5,5,6,.6,10-Hexachlorodecane- 


a) 1,1,1,5-Tetrachloropentane (500 g) and 794 ml of ‘a solution of ammonia in ethanol containing 50 g of 
ammonia were added to previously reduced platinum oxide (2.38 g of platinum oxide in 320 ml of alcohol and 10 
ml of glacial acetic acid). Reduction was carried out at atmospheric pressure; it proceeded with evolution of heat. 
In the course of nine hours 35 liters of hydrogen was absorbed. The reaction mixture was diluted with water until 
the ammonium chloride was dissolved, and it was then filtered. The precipitate of 1,5,5,6,6,10-hexachlorodecane 
was dissolved in chloroform, and the solution was dried over calcium chloride. The solvent was 1emoved, and low- 
boiling substances (180 g) were removed under reduced pressure. The hexachlorodecane, which remained behind, 
was recrystallized from alcohol. The product was 202 g (48.57) of hexachlorodecane, m.p. 84-85". 


Fractionation of the low-boiling products through a column yielded 50 g of the original 1,1,1,5-tetrachloro 


pentane and 105 g of 1,1,8-trichloropentane, b.p. 84° (8 mmm); nf} 1.4788; d* 1 2438: found MR 39.93; calculated 
MR 39.89. | 


Found % C 34.30; 34.18: H 5.17; 5.30 
C.H,Cly. Calculated %: C 34.18; H §.12 


b) A mixture consisting of 100 g of 1,1,1,5- tetrachlorapentane, a solution of 19 g of caustic soda in 50 ml 
of water, and 3 g of Raney nickel was shaken at 60-90° until hydrogen ceased to be absorbed (12 hours). The pro- 
duct was extracted with chloroform. The chloroform was removed, and the low boiling part was distilled off un- 
der reduced pressure (54.7 g). The -amount of 1,5,5,6,6,10-hexachlorodecane obtained was 21.1 g (25.4%). 


c) Raney nickel (10 g) was added gradually to a solution of 21 g of tetrachloropentane in 50 ml of alcohol; 
much heat was evolved. The mixture was boiled for two hours, the catalyst was filtered off, and the oil present 
was extracted with chloroforin. The low-boiling products were distilled off, and 3 5 g (20%) of 1,5,5,6.6,10- 
hexachlorodecane was obtained. It melted at 83-84. 


Hydrogenation of 1,1,1,7-Tetrachloroheptane to 1,7.7.8,8,14-Hexachlorotetradecane 


1,1,1,7-Tetrachloroheptane (83 g) and a solution of 8 g of ammonia in 80 ml of methanol were added to 
previously reduced 5% Pd/BaSO, (2 g) in 25 ml of methanol and 1 mi of glacial acetic acid. During the hydrogena- 
tion the reaction mixture became warm. After three hours, when 6.1 liters of hydrogen had been absorbed, the ab- 
sorption of hydrogen ceased. The methanolic solution was filtered from the catalyst and ammonium chloride, and 
the precipitate was washed with chloroform on the filter. Water was added to the filuate. The chloroform layer 
was dried over calcium chloride. After removal of chloroform under reduced pressure, the low-boiling products - 
were distilled off (28 g). Recrystallization of the residue from ethanol vielded 32.1 g (45.57%) of 1,7,7,8,8,14- 
hexachlorotetradecane, m.p. 57-58". Frattionation of the low-boiling products through s column yielded 16 g of 
1,1,7- trichloroheptane, b.p. 74-75 (1.5 mm); nj§ 1.4776; d¢ 1.1744; found MR 49.13, calculated MR 49.13. 


Found %: C 41.08: 41.12; H 6.19: 6.34 
Calculated %: C 41.24: H 6.38 


Hydrogenation of 1,1,1,5-Tetrachloropentane to 1,1,5-Trichloropentane 3 


A mixture of 63 g of tewachloropentane, 25 g of pyridine, and 80 ml of methanol was treated with hydrogen 
at 100 atm in presence of 5 g of Raney nickel at room temperature. . The catslya was filtered off, and the filtrate 
was diluted with water and extracted with chloroform. The extract was washed with dilute hydrochlorid acid. 


After removal of chloroform, the residue was fractionated through a column and yielded 42 g (80%) of-1,1,5-tri- 
chloropentane. 


Hydrogenation of 1,1,1,5-Tetrachloropentane to 1,5,6,10-Tetrachloro-5-decene 


Tetrachloropentane (63 g) was hydrogenated in presence of 0.2 g of PrO, and 5.5 g of ammonia in 80 ml of 
methanol for 2 hours 30 minutes, in the course of which 5.2 liters of hydrogen was absorbed. The mixture was then 
cooled, and 5.2 g of ammonia was passed in. In the course of further hydrogenation for two hours, a further 5.6 
liters of hydrogen was absorbed. The usual weatment yielded 19.2 g (45.5%) of 1.5,6,10-tetrachloro-5-decene, b.p. 
152-154" (3 mm), nj§ 1.5055; d3° 1.2202; found MR 67.56; calculated MR 67.38. 


Found %.: C 43.37; 43.41; H 5.91; 6.21 
Calculated%,- C 43.16; | H 5.75 


little concentrated hydrochloric acid were added to the filtrate. The chloroform solution was dried over # calcium 
chloride. Vacuum distillation yielded 37.2 g (95%) of 1,5,6,10-tetrachloro-5-decene. 


Ozonicgation of 1,5.6,10-Tetrachloro-5-decene 


A solution of 5 g of 1.5.6, 10-tetrachloro-5-decene in 60 ml of dry chloroform was weated with 6% ozone 
for-six hours. The reaction mixture was diluted with water.heated for a time at 50-60", and then boiled for 5-6 
hours. The:mixture was extracted with chloroform. After removal of solvent, 1.5 g of 5-chlorovaleric acid was 
isolated and was identified in the form of its anilide, which showed no melting point depression in admixture with 
known chlorovaleranilide. 


H.drogenation of 1,1,1.7-Tetrachloroheptane to 1.7,8;14-Tetrachloro- 7-tetradecene 


Tetrachloroheptane (90 g) was hydrogenated in presence of 1.5 g of Pd/BaSO, and 8.3 g of ammonia in 100 
mi of methanol for three hours, in the course of which six liters of hydrogen was absorbed. The reaction mixture 
was cooled. and 8.1 g of ammonia was passed in. During further hydrogenation for three hours, a further 7.5 liters 
of hy drosen was absorbed. The usual treatment yielded 28 g (44%) of 1,7,8,14-tetrachloro-7-tetradecene, b.p. 
178-180" (2 mm); 1.4980; d%° 1.1393: found MR 85.94; calculated MR 85.85. 


Found %: C 50.18; 50.07; H 7.40; 7.29 
CyH,,Cl,. Calculated %: C 50.29; H 7.20 


Action of Zine on 1.7.7.8.8.14-Hexachlorotetradecane 


> 


Hexachlorotetradecane (15 g) was added gradually to a stirred mixture of 5 g of zinc dust (previously activa- 
ted by heating it with 0.1 ml of glacial acetic acid and 0.1 ml of hydrobromic acid) and 30 ml of absolute alco- 
hol. Reaction proceeded with evolution of much heat. After the mixture had been heated for one hour and cooled, 
chloroform was added. The excess of zinc was filtered off, and dilute hydrochloric acid was added to the filtrate. 
The chloroform layer was separated, washed with water, and dried with calcium chloride. Vacuum distillation 
yielded 11.5 g (92%) of 1,7,8,14-tetrachloro-7-tetradecene. 


Hvdrocenation of to ., 
1.7.2.14-Tetrachloro-7-tetradecene 


Hexachlorotetradecane (20 g) was hydrogenated in presence of 1 g of Pd/BaSO, and 1.8 g of ammonia in 
50 ml of methanol for two hours, in the course of which 1.2 liters of hydrogen was absorbed. The usual treatment 
yielded 13.6 g (81%) of tetrachlorotetradecene. 


1 10- Dichlorodecane 


a’ Tetrachlorodecene (15 g) was hydrogenated in presence of 1 g of Pd/BaSO, and 2.3 g of ammonia in 70 
ml of methanol for five hours, in the course of which 3.6 liters of hydrogen was absorbed. Fractionation of the pro- 
ducts yielded 7.6 g (67%) of 1,10-dichlorodecane, b.p. 105-106" (1.5 mm); nj 1.4620; d2° 0.9992; found MR 58.05; 
calculated MR 58.11. The literature [8] gives b.p. 147-148° (11 mm); d,’ 0.9940. 


b) A mixture of 100 g of 1,5,5,6,6,10-hexachlorodecane, 100 g of diethylamine, 200 ml of ethanol, and 
12 g of Raney nickel was placed in a one-liter rotating autoclave. Hydrogen was passed into the autoclave until 
the pressure attained 100 atm. The reaction was carried out at 50.-55°, hydrogen being passed in as necessary so 
- the pressure was maintained at 100-120 atm. After eight hours reaction ceased. The poe obtained were 
Z (6%) of 1,10-dichlorodecane and 15 g (19%) of 1,.5,410tetrachlorodecene. 


1,14 


-Dichlorotetradecane 


a) Tetrachlorotetradecene (28 g) was hydrogenated in presence of 2 g of Pd/BaSO, and 13 g of diethylamine 
in 70 ml of methanol for five hours, in the course of which 3.7 liters of hydrogen was absorbed. Dichlorotetradec- 

ne is of low solubility in methanol and was to be found mainly in the precipitate. The product was 16. 1 g (67%) 
of 1,14-dichlorotetradecane, b.p. 143- 144° (1.5 mm); m. p. 38-39° (from methanol). 


Found %: C 63.06; 63.13; H 10,20; 10.44 
Calculated %: C 62.92; H 10.48 


Reduction was slower in presence of ammonia. 


Section of Zine on 1,5.5,.6.6,10-Hexachlorodecane 
A stirred mixture of 50 g of 1,5.5,6,6,10-hexachlorodecane, 20 g of zinc dust, and 150 ml of ethanol was 
boiled for six hours. Chloroform was added to the reaction mixture and the zinc was filtered off Water and a 
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b) Tetrachloroheptane (90 g) was hydrogenated in presence of 1.5 g of Pd/BaSO, and 8.1 g of ammonia 
in 100 ml of methanol for 2 hours 30 minutes, in the course of which 7.5 liters of hydrogen was abosrbed. The 
catalyst and ammonium chloride were filtered off, methanol was distilled off, and low-boiling fractions were 
removed under reduced pressure. The residue (42 g) was hydrogenated in presence of 3 g of Pd/BaSO, and 32g 
of diethylamine in 80 ml of ethanol for ten hours. The product was 14.5 g (28%) of 1,14-dichlorotetradecane, 


b.p. 144-146" (1.5 mm), together with about 5 g of a mixture boiling at 150-180° (1 mm) and consisting mainly 
of tetrachlorotetradecene. 


Hydrogenation of 1,1,1 2,5-Pentachloropentane 


Pentachloropentane (20 g) and 39 ml of a solution of ammonia in ethanol containing 19.5 g of ammonia 
were added to previously reduced platinum oxide (0.18 g of PtO, in 15.0 ml of ethanol and 0.8 ml of glacial acet- 
ic acid). The mixture was shaken with hydrogen for two hours, in the course of which 4 liters of hydrogen was ab- 
sorbed. The usual treatment and vacuum distillation yielded 4.5 g of the original compound and 8 g (74%) of 


1,1.5-trichloro-1-penteue, b.p. 72-74° (10 mmm); nid 1.4902; di? 1.2734. The literature [9] gives b.p. 68-69° 
(7 mm): nj 1.4892: dy? 1.2724. 


6.7-Dichloro-6 -dodecenedinitrile 


A stirred mixture of 20 g of tetrachlorodecene, 11 g of sodium cyanide, 1 g of sodium iodide, 5 ml of 
water and 40 ml of 2. ethoxyethanol was heated at 102-106" for four hours. The mixture was cooled, diluted 
with water, and extracted with chluroform. Vacuum distillation yielded 16.5 g (88%) of 6,7-dichloro-6-do- 
decenedinitrile, b.p. 212-214" (45 mm); nf 1.4943; dy’ 1.1295; found, MR 66,80; calculated, MR 66.52. 


Found %: N 10.77: 10.73 
C ygH No. Calculated %: N 10.81. 


8,9-Dichloro -8-hexadecenedinitrile 


A stirred mixture of 32 g of tetrachlorotetradecene, 12 g of sodium cyanide, 0.5 g of sodium iodide, 5 ml 
of water, and 60 ml of 2-ethoxyethanol was heated at 102-106" for six hours. The mixture was cooled, diluted 
with water, and extracted with chloroform, Vacuum distillation yielded 26 g (867%) of 8,9-dichloro-8-hexa- 
decenedinitrile, b.p. 212-213"; nj 1.4895; dy’ 1.0704; found MR 85.01; calculated MR 85.00. 


Found %: N 8.56; 8.58 
Ci 24C1,N. Calculated N 8.89 ; : 


6.7-Dichloro-6 dodecenedioic Acid 
A solution containing 14.5 g of 6,7-dichloro 6 dodecenedinitrile, 60 ml of glacial acetic acid, 35 ml of 


concentated hydrochloric acid, and 18 ml of water was boiled for 15 hours. Addition of water and cooling yielded 
a precipitate of the acid, amounting to 15.3 g (92%); m.p. 108.5-109.5° (from benzene). 


Found %: C 48.66, 48.86; H 6.16, 6.18 
CyHyClO, Calculated %: C 48.48; H 6.06 


8,9-Dichloro-8 hexadecenedioic Acid 


Dichlorohexadecenedinitrile (6.5 g) was hydrolyzed by heating it with a mixture of 30 ml of glacial acetic 


acid. 15 ml of concentrated hydrochloric acid, and 8 ml of water for 20 hours. The yield of acid was 6.8 g (94%). 
m.p. 95-96" (from benzene). 


Found %: C 54.52, 54.58; H 7.10, 7.24 
C Og. Calculated Fo: Cc 54.39; H 1.36 


Dodecanedioic Acid 


Dichlorododecenedioic acid (10.2 g) was dissolved in aqueous alkali (8 g of caustic soda in 80 ml of wa- 
ter) and hydrogenated in presence of 3 g of nickel catalyst at 60-70° and 100 atm for two hours. The catalyst was 
filtered off, and thefiltrate was acidified with hydrochloric acid, when 7.3 g (92%) of dodecanedioic acid was ob- 
tained. Hexadecanedioic acid was prepared similarly from dichlorohexadecenedioic acid in 93% yield. 
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Hexadecanedinitrile 


Dichlorododecenedimitrile (12 g) was hydrogenated in presence of 1.5 g of Pd/BaSO, and 10 g of diethyl- 
amine in 60 ml of methanol for 90 minutes. in the course of which 2.7 liters of hydrogen was absorbed. The 
catalyst was filtered off, and the filtrate was diluted with water, acidified with hydrochloric acid, and extrac- 
ted with henzene. The residue remaining after removal of benzene crystallized out, and 9.1 g of hexadecane- 
dinitrile. m.p. 48-49" (from a mixture of petroleum ether and benzene), was obtained. 


Found %: N 11.12, 11.18 
C Calculated Jo: N 11.29 


6.6.7.7-Tetrachlorododecanedioic Acid 


A stirred mixture of 20 g of 1.5,5.6.6,10-hexachlorodecane, 150 ml of 2-ethoxyethanol, and 5 g of sodium 
cyanide was heated at 110° for five hours. The mixture was cooled, and the precipitate present was filtered off 
and washed with water. The yield of crue tetrachlorododecanedinitrile was 12.2 g. A mixture of 10 g of the di- 
nitrile, 20 ml of glacial acetic acid, and 40 ml of hydrochloric acid (1:1) was boiled for 12 hours. The precipi- 
tate that formed was filtered off and treated with hot alkali. Treatment of the sodium salt with hydrochloric acid 
yielded 9 g (80.2%) of 6.6,7,7-tetrachlorododecanedioic acid, m.p. 223° (from ethanol). 


Found %: C 39.71, 39,52; H 4.97, 4.97; Cl 33.46; 38.67 
CyHyOCl. Calculated %: C 39.13; H 4.92; Cl 33.58 


Dodecanedinitrile 


A stirred mixture of 11 g of 1.10-dichlorodecane, 7.5 g of sodium cyanide, 0.5 g of sodium iodide, 5 ml 
of water. and 25 ml of 2 ethoxyethanol was heated for four hours. The product was 9.3 g (92%) of dodecanedi- 


nitrile. b.p. 156-157°(2 mm). In a similar way, hexadecanediniwile was prepared from 1,14-dichlorotetradecane 
in a 90% yield. ; 


SUMMARY 
1. Dodecanedioic and hexadecanedioic acids were synthesized from 1,1,1,5-tetrachloropentane and 
11.17 tetrachloroheptane respectively. 

2. The reductive dimerization of 1,1 1.5-tetrachloropentane and 1,1,1,7-tetrachloroheptane was inves 


tigated. It was found that platinum and palladium catalysts give better results than Raney nickel under the 
conditions studied. 


3. It was shown that the reduction of a.a.a.w-tetrachloroalkanes to dimeric a,w-dichloroalkanes passes 


througn the stage of unsaturated tetrachloro compounds containing the —CCl1=CCl grouping, which is more read- 
ily reduced than the CH,Cl group. 
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DERIVATIVES OF UNSATURATED PHOSPHONIC ACIDS 


COMMUNICATION 8. BISDIALKYLAMIDES OF 2-ALKOXY- AND 
2-PHENOXY-VINYLPHOSPHONIC ACIDS 


K. N. Anisimov, N. E. Kolobova and A. N. Nesmeyanov 


Amides of alkyl - and aryl-phosphonic acids have been prepared by numerous investigators [1-7] by the re- 
action of alkyl- and aryl-phosphonic dichlorides with amines or their hydrochlorides: 


RPOCI, + 4R,NH=RPO(NR,), + 2R,NH- HCl; 
RPOCI, + 2R,NH- HC1=RPO(NR,), + 4HCL 


There are no data relating to amides of unsaturated phosphonic acids in the scientific literature, but there 
is an isolated reference to the compound CH,=C(CH,)PO[N(CH;),}. in the patent literature [8]. As we could 
readily prepare 2-alkoxy- and 2-phenoxy-vinylphosphonic dichlorides by the method that we have developed 
[9]. we synthesized some bisdialkylamides of 2-alkoxy- and 2- phenoxy-vinylphosphonic acids by reaction be- 
tween one molecule of the acid chloride and four molecules of the secondary amine in an inert solvent. 


The bisdialkylamides of 2-alkoxy- and 2-phenoxy-vinylphosphonic acids are viscous liquids that are read- 
ily distilled under reduced pressure and are stable to storage. They were obtained in yields of up to 80%. The 
formulas of the compounds prepared are given with their physical properties in the table. 


B.p. in°C 
(p in mm) 


TABLE 


Formula» 


C,Hs—O—CH =CHPO[N(CH,), } 108 (1) 1.0401 
i-C,H, -O—CH =CHPO[N(CH } 105.5 (2) 1.0182 
n-C,H,—O—CH =CHPO[N(CH;),} 116 (1) 1.0090 
C,H,—O—CH=CHPO[N(CH;)} 145 (2) 1.1199 
C,H; -O—CH=CHPO[N(C,H;)} 126.5 (2) 1.0950 
i-C,;H;-O—CH =CHPO[N(C,Hs))} 132 (2) 0.9962 
n-C,Hy—O—CH- CHPO[N(C,H,),} 130 (2) 0.9745 
C,H,—O—CH =CHPO[N(C,H; 161 (2) 1.0402 
C,H;—O—CH =CHPO[N(C,Hy-n),} 172 (2) 0.9399 
n-C,H; -O—CH = CHPO[N(C,Hy-n),} 172 (2) 0.9301 
(CH ),—~CH—CH, —CH, —O—CH =CHPO[N(C,Hy-n),}| 192-193(2) 1.4691 0.9249 
—-O—CH = CHPO[N(C,H,-n}} 212 (0.5) 1.5060 0.9886 
m.p. 60-61 

C,H; 202 (1) 1.5528 1.1193 


EXPERIMENTAL 


Bisdimethylamide of 2-ethoxyvinylphosphonic acid C,H,—-O—CH =CHPO[N(CH 2-Ethoxyvinylphos - 
phonic dichloride (9.45 g) was added to a well-cooled, stirred mixture of 100 ml of petoleum ether and 9 g of 
dimethylamine contained in a three-necked flask fitted with stirrer, reflux condenser and dropping funnel. 

When the whole of the acid chloride had been added. stirring was continued for two hours. The mixture was set 
aside overnight and then heated at 55-60°in a water bath for two hours. The precipitate of dimethylamine 

hydrochloride was filtered off and washed three times with petroleum ether. The filtrate was then treated with 
a saturated solution of caustic soda and dried over calcined potassium carbonate. Petroleum ether and benzene 


ui 


were distilled off. and the residue was left in the boiling water bath for 30 minutes and then vacuum-distilled. 
Three fractionations yielded 6.4 g (S7%e) of a substance of b.p. 108° (1 mm); nj} 1.4780; dj? 1.0401. 


Found %: N 13.54, 13.26 
Calculated %: N 13.59 


Bisdie thylamide of 2-ethoxyvinylphosphonic acid 2-Ethoxyvinylphos- 


phonic dichloride (10 g) was added from a dropping funnel to a cooled, stirred mixture of 100 ml of petroleum 
ether and 17 g of diethylamine. The reaction mixture was then treated as described above, and three fractiona- 
tons yielded 8 g (59%) of a substance of b.p. 126.5° (1.5 mm); nj§ 1.4755, dy’ 0.0950. 


‘ Found %. N 10.37, 10.26 
Calculated%: N 10.68 
Bisdibutylamide of 2-ethoxyvinylphosphonic acid 2-Ethoxyvinylphos- 
phonic dichloride (9 5 g) was added to a mixture of 28 g of didutylamine and 130 ml of petroleum ether. Frac- 
20 
t i D 1.4660; 


; Found %: P 8.13, 8.26 
Calculated %: P 8.26 


Dipiperidide of 2-ethoxyvinylphosphonic acid C,HOCH CHPO(NC.H From 18 g of piperidine and 
3 45 g of 2 ethoxyvinylphosphonic dichloride, 13.8 g of the dipiperidide of 2-ethoxyvinylphosphonic acid was 
obtained After recrystallization from a mixture of petroleum ether and benzene it melted at 60-61". 


Found %: P 10.78, 10.82 
Cy4H,;PO,N,. Calculated %-: P 10.83 


Bisdibutvlamide of 2-propoxyvinylphosphonic acid n-C,H,OCH =CHPO[N(C,H. 2-Propoxyvinyl- 
prosphomic dichloride (10.2 g) was added to a solution of 28 g of dibutylamine in 150 ml of petroleum ether. 
The product isolated (12 g) had b.p. 172° (1 mm), njj 1.4663; d?° 0.9301. 


Found %: N 7.64, 7.48 
Calculated%: N 7.21 


Bisdimethylamide of 2-isopropoxyvinylphosphonic acid i-C;H, -O—CH=CHPO[N(CH solution of 
2 g of dimethylamine in 10 ml of petroleum ether was added to a cooled mixture of 50 ml of petroleum ether 
anc 5) ml of benzene, and then 10.15 g of 2-isopropoxyvinylphosphonic dichloride was added. The substance 
isolated (8g ie.. 7%) had b.p. 105.5° (2 mm): nj 1.4742: 1.0182. 


Found %: N 1255, 12 68 
Calculated %: N 1272 


Bisdiethvlamide of 2-isopropoxyvinylphosphonic acid i-C,H, -O—CH =CHPO[N( Reaction be- 
tween 14.5 g of ciethylamine ind 10 15 g of 2 isopropoxyvinylphosphonic dichloride yielded 7.5 g (58) of a 
substance having bp. 132° “2 mmm): 1.4709. 42? 0.9952. 


Found %: N 10.07, 9.92 
Calculated %: N 10.14 


Bisdimethylamide of 2-butoxyvinylphosphonic acid n-C,H,-O—CH= CHPO[N(CH Reaction between 
10.85 g of 2-butoxyvinylphosphonic dichloride and 9 g of dimethylamine in a mixture of 50 ml of petroleum 


ether and 50 ml of benzene as solvent yielded 6 g (50%) of a substance having b.p. 116° (1 mm); af 1.4755; 
1.0090. 


Found %: P 13.26, 13.20 
CyH,30,N,P. Calculated %: P 13.24 


Bisdiethylamide of 2-butoxyvinylphosphonic acid n-C,Hy-O—CH=CHPO[N(C;H;)}. 2-Butoxyvinylphos- 
phonic dichloride (10.85 g) was added gradually to 14.5 g of diethylamine. Three fractionations yielded 8 g 
(5¥e) of a substance having b.p. 130° (1 mm), ni 1.4729; a 0.9745. 


Found%: N 9.66, 9.29 
Cy4H3,0,N,P. Calculated N 9.65 


| 
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Bisdibutyle mide of 2-isopentyloxyvinyl phosphonic acid (CH), —CH —CH, —CH, ~O—CH =CHPO[N(C, Hy nh, 
To 28 g of dibutylamine, 11.55 g of 2 isopentyloxyvinylphosphonic dichloride was added. The product isolated 
(10.3 g) had b.p. 192-193° (2 mm): nj§ 1.4665; d;’ 0.9249. 


Found %: N 6.87, 6.91 
Calculated %: N 6.73 


Bisdimethylamide of 2-ptenoxyvinylphosphonic acid CgH;~O—CH=CHPO[N(CH,)}. To 9.5 g of di- 
methylamine, 11 85 g of 2-phenoxyvinylphosphonic dichloride was added. The yield of product was 6.5 g 
(50%), and it had b.p. 145° (2 mm), nf 1.4658; d° 1.1199 


Found %: N 10.90, 11.06 
C,,H,;,0,PN,. Calculated %: N 11.02 


Bisdiethyiamide of 2-pienoxyvinylphosphonic acid Reaction between 
14.5 g of diethy!amine and 1) 85 g of = phenoxyvinylphos phonic dichloride yielded 9 g (58%) of a substance 
having b-p. 132° (1 mm); 1.0402; 1.5200. 


Found %: N 8.94, 8.98 
Calculated %: N 9.03 


Bisdibutylamide of 2-phenoxyvinytptosphonic acid CgH,OCH = CHPO[N(C,Hy-n)}. The bisdibutylamide 
of 2-phenoxyvinylphosphonic acid (12.5 g) was prepared from 27 g of dibutylamine and 11.85 g of 2-phenoxy~ 
vinylphosphonic dichloride. It had b p. 213 (0.5 mm); nj 1.5060; dj’ 0.9886. 


Found P 7.39, 7.24 
Calculated P 7.34 


Dipiperidide of 2-phenoxyviny!phosphonic acid C§H,OCH -CHPO(NC,Hy). To 16.52 g of piperidine, 
‘11.85 g of 2-phenoxyvinylphosphonic dichloride was added. Suitable treatment yielded 10 g of the dipiper- 
idide of 2- acid, b.p. 202° (1 mm); 1.5528; 1.1193. 


Found %: P 9.29, 9.23 
CygH 27 PON). Calculated To: P 9.28 


SUMMARY 


The following compounds were synthesized by the reaction of secondary aliphatic amines with 2-alkoxy- 
and 2 phenoxy vinylphosphonic dichlorides. the bisdimethylamides of 2-ethoxy-, 2-isopropoxy-, 2-butoxy, and 
2 pnenoxy- vinylphosphonic acids; the bisdiethylamides of 2-ethoxy-, 2-isopropoxy-, 2-butoxy-, and 2-phenoxy- 
vinylphosphonic acids; the bisdibutylamides of 2-ethoxy-, 2-propoxy-, 2-isopentyloxy-, and 2-phenoxy-vinyl - 

phosphonic acids; and the dipiperidides of 2 ethoxy-, 2-butoxy-, and 2-phenoxy-vinylphosphonic acids. 
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DERIVATIVES OF UNSATURATED PHOSPHONIC ACIDS 


COMMUNICATION 9. DIESTERS OF 2-ALKOXY- AND 
2-PHENOXY-VINYLPHOSPHONOTHIONIC ACIDS 


K. N. Anisimov, N. E. Kolobova and A. N. Nesmeyanov 


As shown in previous communications [1, 2}. 2-alkoxy- and 2-phenoxy-vinylphosphonic dichlorides react 
fairly readily with alcohols and with secondary amines, forming diesters and bisdialkylamides, respectively, of 
2-alkoxy- and 2-phenoxy-vinylphosphonic acids. 2-Alkoxy- and 2-phenoxy-vinylphosphonothionic dichlorides 
are considerably more inert. and they do not react with alcohols or with amines under the conditions that we have 
described previously for the synthesis of esters and bisdialkylamides of unsaturated phosphonic acids. 


We have now prepared diesters of 2-alkoxy- and 2-phencxy-vinylphosphonothionic acids by the action of 
the corresponding acid chlorides on a sodium alkoxide in an excess of the alcohol. The compounds listed-in the 
table were synthesized under these conditions. The 2-alkoxy- and 2-phenoxy -vinylphosphonothionic dichlorides 
were prepared by a method developed by us [3]. All of the esters that we have prepared are colorless liquids, 
which are insoluble in water, but soluble in ether, benzene, acetone, and other organic solvents. 


(p in mm) 


TABLE 


Formula 


C,Hs—O—CH =CHPS(OCHy), 


ate 1.4852 1.1373 
1.4780 1.1035 
n-C,Hy—O-CH 1.4790 1.1018 
1.5331 1.1945 
1.4879 1.0970 
1.4743 1.0510 
1.4705 1.0687 
C,H,-O-CH 1.5375 1.1263 


EXPERIMENTAL’ 


Dimethyl 2-ethoxyvinylphosphonothionate C,H, —O—CH =CHPS(OCHs),__ Absolute methancl (50 ml) 
and sodium (2.3 g) were introduced into a three-necked flask fitted with stirrer, reflux condenser, and dropping 
funnel. The resulting solution of sodium methoxide was cooled, and was then stirred while 10.2 g of 2-ethoxy- 
vinylphosphonothionic dichloride was added gradually. When the whole of this had been added, the mixture was 
stirred for three hours and was then set aside overnight. On the next day 100 mi of absolute ether was added to 
the mixture. The mixture was warmed in a water bath (55-60°), where it was stirred for two hours. The ether 
layer was poured-off and the precipitate was washed twice with ether. The ether solution was dried over Na,SO,. 
Vacuum fractionation yielded 6.5 g (60%) of a substance having b.p. 86° (1 mm); nf 1.4852: a? 1.1373. 


Found %: P 15.81, 15.72 
Calculated%: P 15.81 


Dimethyl 2-isopropoxyvinylphosphonothionate 2-Isopropoxyvinylphos- 
phonothionic dichloride (10.95 g) was diluted with an equal volume of absolute methanol and then added with 
cooling and stirring to a solution of sodium methoxide prepared from 50 ml of absolute methanol and 2.3 g of 
sodium. The product isolated (9.7 g. i.e., 86%) had b.p. 101° (2 mm); nj§ 1.4780; 43° 1.1035. 


Found %: P 14.73, 14.69 
Calculated %: P 14.76 


Dimethyl 2-butoxyvinylphosphonothionate n-C,H,—-O-CH-=CHPS(OCH;),. A solution of 11.65 g of 2- 
butoxyvinylphosphonothionic dichloride in 12 ml of absolute methanal was added to sodium methoxide prepared 


from 2.3 g of sodium and 56 mil of absolute methanol. The pure product isolated (9.1 g, Le., 70%) had b.p. 
107° a mm): nf 1.4790; 42? 1.1018. 


Found %: P 13.88, 13.81 
 Calculated%: P 13,83 


Dimethyl 2-phenoxyvinylphosphonothionate CH, ~O-CH—CHPS(OCH-) solution of 12.65 of 2- 
phenoxyvinylphosphonothionic dichloride in 20 ml of absolute methanol was added to sodium methoxide 


prepared from 50 ml of absolute methanol and 2.3 g of ootiome: Vacuum Rercenenes of the crude product (9 g) 
yielded 6.6 g (50%) of a substance having b.p. 151° (2 mm); nb 1.5531; di’ 1.1945. 


Found%: P 12.59, 12.60 
CyHy0,PS. Calculated P 12.70 


Diet: yl 2-ethoxyvinyl phosphonothionate C,H, -O—CH 2-Ethoxyviny]phosphonothionic 
dichloride (12.2 g) was added to sodium ethoxide prepared from 23 g of sodiumand 60 ml of absolute ethanol. 
The product isolated (6 2 g. i.e.. 50%) had b.p. 100° (1 mm); nf 1.4879; 43° 1.0970. 


Found % P 13.87; 13.64 
C,H,,0,PS. Calculated %: P 13.83 


Diethyl 2-isopropoxyvinyl phosphonothionate 2-Isopropoxyvinylphosphono- 
thionic dichloride (10.95 g) was added to sodium ethoxide prepared —_ 50 ml of absolute ethanol and 2.3 g of 
sodium. The product isolated (8 g, i.e., 63%) had b.p. 105° (1 mm), nb ¢ 1.4741; dy’ 1.0510. 


Found %: P 13.07, 12.89 
Calculated %: P 13.02 


Diethyl 2-butoxyvinylphosophonothionate n-C,H —O- CH -CHPS(OC;H, . 2-Butoxyvinylphosphonothionic 
dichloride (11.65 g) was added to sodium ethoxide prepared from 2.3 g of sodium and 80 ml of absolute ethanol. 
The product isolated (8 g. i.e., 60%) had b.p. 107° (1 mm); 1.4705; 1.0687. 


Found % P 12.27, 12.29 
Calculated P 12.30 


Diethyl 2- phenoxyvinylphosphonothionate C-H-—O—CH = CHPS(OC.H. 2-Phenoxyvinylphosphonothionic 
cichloride (12 65 g) was added to sodium ethoxide prepared from 2.3 g of sodium and 50 ml of absolute ethanol 


tactionation of the crude product (12 g) yielded 7.8 g (75%) of a substance having b.p. 139° (2 mm); nf 1.5375, 
1 1263. 


Found %: P 11.43, 11.44 
CyHy,0,PS. Calculated %: P 11.39 


SUMMARY 


By the action of 2-ethoxy-, 2-isopropoxy-, 2-butoxy-. and 2-phenoxy-vinylphosphonothionic dichlorides 
on sodium methoxide and on sodium ethoxide in the form of solutions in the corresponding alcohols, the dimethyl 


and diethyl esters of 2-ethoxy-, 2-isopropoxy-, 2-butoxy-, and 2-phenoxy~vinylphosphonothionic acids were 
prepared. 
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SOME ESTERS OF PHOSPHORODITHIOIC ACID AS INSECTICIDES 


B. A. Atbuzov, K. V. Nikonorov. and G. M. Vinokurova 


As is well known, derivatives of thiophosphoric acids are used extensively in agriculture as itsecticides; they 
are found to be very effective against many kinds of harmful insects. Among the many compounds of this sort there 
are the well known trimethyl phosphorothioate O0,O-diethyl O- p-nitrophenyl phosphorothioate (parathion. thiophos), 
and the O-ester of 4-methylumbelliferone with O,O-diethyl (potasan) O,O-Diethyl O-2- 
-(ethylthio)ethyl phosphorothioate (systox) [2] is of great interest, This compound, while having a comparatively 


feeble contact action, is a good insecticide on account of internal (systemic) action, Systox can be used success- 
fully as a nematocide (3} 


Interest has grown recently in the mixed esters of phosphorodithioic acid, These substances, while having 
fairly high insecticidal activity, are safer for warm-blooded animals, including man, than the esters of phosphoric 
ard phosphorothioic acids [4]. A compound of this type that has found practical application im agriculture is S-{1, 
2 O,O-dimethyl phosphorodithioate (malathion) (5). 


In 1952 and 1953 some phosphorodithioic esters were described of general formula (RO)P(S)SCH(R’ )XR"(X= 
=O or S and R, R’, and R® are aliphatic or aromatic radicals). All of these were found to be powerful insecticides 


(6]. 
In this paper we describe the synthesis of compounds of the type 
(RO), P(S)SCHSC;Hs, (R = CH, C3H;, and i-C,Hy). 
Hy 


It was found that these substances can be readily prepared by the condensation of the corresponding O,O- 
dialkyl S-nydrogen phosphorodithioates with acetaldehyde and ethanethiol in accordance with the equation: 
(RO),P(S)SH + CH;CHO + HSC;Hs = + H,0. 


The resulting compounds were colorless liquids of unpleasant odor. The lower esters (up to propyl, inclusive) © 
could be vacuum-distilled (at 2-3 mm) with partial decomposition; the butyl esters decomposed completely during 
distillation, The principal constants of the compounds obtained are given in Table 1, 


The insecticidal activity of the compounds was tested on the corn weevil, The results of the tests are given 
in Table 2. ; 


As can be seen from Table 2, the first two compounds have higher insecticidal activity than the succeeding 
compounds. On the whole, however, these esters are fairly weak insecticides, The tests for insecticidal activity 


were carried out in the toxicological laboratory of the Kazan Affiliated Institute of the Academy of Sciences of the 
USSR by M. A. Kudrina, 


EXPERI MENTAL 
Action of Acetaldehyde and Ethanethiol on O, O-Dimethyl Phosphorodithicate 


A mixture of 20 g of O,O-dimethyl phosphorodithioate and 8.1 g of ethanethiol was placed in a three- 
necked flask fitted with reflux condenser, thermometer, stirrer, and dropping funnel, The mixture was cvoled to 
-10° and stirred continuously while 5.5 g of acetaldehyde was added dropwise at such a rate that the temperature 
did not rise above 0°. when the addition was complete, stirring was continued for a further two hours at room 
temperature, After the whole of the aldehyde had been added the formation of seme water (about 2 ml) was observed 


This water was removed, and the organic layer was vacuum-distilled. Pure (CHyO),A(S)SCH(CHy)SC,Hsg has b.p. 82- 
83° (4 mm), n¥1,5320; and dj? 41 1788, The yield was 28.70%, 


Found %; P 12.95; 12.60 
CgHjsS30,P. Calculated %; P 12.6 


TABLE 1 


Formula B.p.in°C(pinmm)| | nj Yield (%) 


82-83 (4) 1.1788 | 1.5320 
‘118-119 (3) 1.1347 | 1.5240 


Ditto (crude) - 1.1351 | 1.5230 
PSCH(CHy)SC; Hg 122-128 (4) 1.0929 | 1.5130 


(crude) 1,0600 | 1.5085 


PSCHSC,H, (crude) 1.0522 | 1.5060 


| 
Hy i 


TARLE 2 


Formula 


25 after Tdays 
\I 65 ditto 
85 ° 
(C;Hs)p PSCH( CH )SC, Hs (crude) 32 ° 
I 100 after 3 days 


s 100 after 2 days 


(CoPhOMFSCINCH)SCaMy 12 after 7 days 


| 16 ditto 

18 
(crude) 
0 
24 
(1-C4H 0), PSCH(CH,)SC, Hs (crude) 6 
| 10 

s 12 


Acton of Acetaldehyde and Ethanethiol on O. O-Diethy! Phosphorodithioate 


Experiment], Acetaldenyde (3.5 g) was added to a mixture of 15 g of O,O-diethyl phosphorodithioate and 
5.01 g of ethanethiol. The water that separated was taken up with phosphoric oxide. The reactiunimixture was 
stirred at room temperature for 30 minutes and then vacuum-distilled from an Arbuzov flask. The product isolated 
had b.p. 118-119°(3 mm); 4 1 5240: "1.1347, The yield was 39.6% 


Found %; 12.18: 11.78; $ 35.24 
Calculated %; P 11.31; 35.04 


Experiment 2. Reaction was between 20 g of O, O-diethyl phosphorodithioate, 4.7 g of acetaldehyde, and 
6.6 g of ethanethiol. The reaction product was washed with 10% sodium carbonate solution and then water. It was 
then dried with calcium chloride and analyzed, The product had n2° 15230 and d@° 1.1351. 


Found %; P 11.26, 11.19; S 35.22; 35.01 
CgHyg0,S,P. Calculated %, P 11.31; S 35.06 


Action of Acetaldehyde and Ethanethiol on O, O- Dipropyl Phosphorodithioate 


The reactants were (CsH7O))PSSH (20 g), C;HsSH (5.9 g), and CHsCHO (4.1 g). The reaction mixture was 
stirred at room temperature for four hours, Fractionation yielded two fractions: the fist was unchanged dipropyl 


phosphorodithioate, and the second was the required ester, b.p. 122-128 (4 mm); nb 1.5130; d3° 1.0929. The yield 
was 


28,1 
| 39.6 
/ 10.9 

49.3 
67.6 
| 
— | 
Pe Proportion of com weevils killed (%) 

| 598 


Found %, P 10.99, 10.92 
Calculated %; P 10.26 


Action of Acetaldehyde and Ethanethiol on O,O-Dibutyl Phosphorodithioate 


The procedure was as in the preceding experiment, the reactants being O,O-dibutyl phosphorodithioate (10 g), 
ethanethiol (2.5 g), and acetaldehyde (1.8 g). The reaction product was washed with 10% apes sodium carbonate 


solution and with water, then dried with calcium chloride and analyzed, The product had np 2 1.5085; a? 1,060. The 
yield was 73.5%, 


Found %, P 9.46; 9.35 
CyH,7$3PO,. Calculated % P 9.4 


An attempt to distill the substance under reduced pressure (1-2 mm) was not successful, for at a bath temperature 
of about 150° decomposition set in. 


Action of Acetaldehyde and Ethanethiol on O, O-Diisobutyl Phosphorodithioate 


The reactants were O,O-diisobutyl phosphorodithioate (10 g), ethanethiol (2.5 8) and acetaldehyde (1.8 g) (cf. 
previous experiment). The reaction product decomposed when vacuum-distilled. Its potticanan consisted in a wash 
with water and drying over calcium chloride. The yield was 67.6%, and the compound had n np 1.5060; di 1.0522, 


Found %: P 9.50; 9.22 
Cy H27S302P. Calculated P 9.4 


SUMMARY 


1, By the condensation of O,O-dialkyl phosphorodithioates with acetaldehyde and ethanethiol, five previously 
undescribed mixed esters of phosphorodithioic acid were synthesized. 


2. A study was made of the insecticidal activity of the synthesized compounds with respect to the com weevil, 
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ACTiON OF HALOGENS ON ESTERS OF ANTIMONOUS ACID 


B. A. Atrbuzov and O. D. Samoilova 


Addition reactions are characteristic of both phosphorous and arsentous esters, but whereas phosphorous esters 
are converted by halogens into quinquevalent phosphorous compounds by Arbuzov rearrangeinent {1} arsenious esters 
form only addition compounds with halogens [2]. 


Antimonous esters have a pai o; unshared electrons on the antimony atom and therefore should be capable 
of undergoing addition reactions to some extent, 


The results of reactions that we have carried out show that triethyl and tributyl antimonites readily form 
addition products with chlorine and bromine, 


Trialkoxystibine dihalides decompose when heated, Trialkoxystibine dichlorides decompose with the form~ 
ation of the alkyl chloride, an ether, and artimony trichloride. Trialkoxystibine dibromides decompose in a more 
complicated fashion with formation of an ether, the alkyl bromide, an alcohol, an ester of a carboxylic acid, and 
antimony tribromide. The decomposition of trialkoxystibine dibromides in such a complex way is probably to be 
explained by the following properties of antimonous esters. We have shown previously that the Tishchenko ester 
condensation of aldehydes can be omens not only with aluminum and zinc alkoxides, but also, to a greater or less 
extent, with Zr, Ti, Sn!¥, sb!ll, and sbY¥ alkoxides; the alkoxides of these same metals are able to reduce aldehydes 
to alcohols [3]. 


In 1951 Nesmeyanov and coworkers found [4] that the action of halogens on tetraalkyl orthotutanates was 
accompanied by the elimination of an alcohol and an ester and the formation of dialkyldihalotitanium. The alcohol 
and ester were formed as a result of a peculiar disproportionation of the two alkoxy groups wiih the simultaneous 
formation of equimolecular amounts of alcohol and aldehyde. The latter underwent Tishchenko ester condensation 
in presence of the tetraa!kyl orthottanate, 


In view of the tendency of the esters of antimony acids to promote the ester condensation of aldehydes and 
to reduce aldehydes to alcohols, we conscered that it might be assumed that the complex decomposition of trial- 
koxystibine dibromides proceeds partially by the scheme proposed by Nesmeyanov for tetraalkyl orthotitanates; 


SbBr,(OCH,R); SbBr,(OCH,R) + 2RCH,O°; 
22CH,O- RCH,OH + RCHO; 
RCHO —* RCOOCH,R: 
RCHO — RCH,OH; 
SbBr,(OCH,R) —> SbOBr + RCH,Br. 


The reducing properties of trialkoxystibine dibromides and their ability to effect the ester condensation 
of aldehydes was confirmed by us in experiments with benzaldehyde and isobutyraldehyde. In these reactions the 
. corresponding alcohols and esters of the corresponding acids were isolatcd, When an alcoholic solution of benzal- 
dehyde was boiled for a long time with tiethoxystibine dichloride, the subsequent fractional distillation yieided 
only benzaldehyde. 


EXPERIMENTAL 


Action of Chlorine on Triethyl Antimonite. 


A flask containing 30 g of triethyl antimonite dissolved in chloroform (55 g) was cooled with snow, and 
dry chlorine was passed in until the weight increased by 7.5 g. In view of the instability of antimonous esters to 
hydrolysis, all reactions were carried out with exclusion of atmospheric moisture. When reaction was complete, 
chloroform was distilled off under somewhat reduced pressure from a water bath at 45-50°. After being recrystallized — 
from ether, triethoxystibine dichloride melted at 50-53°. 


Found -%; Sb 3667; 36.51; Cl 21.92; 22.08 
CgHys0,Cl,Sb. Calculated .Sb 37.18; Cl 21.68 


NN 


ui NI 


Triethoxystibine dichloride (30 g) was subjected to thermal decomposition in a flask carrying a Vigreux col- 
umn and connected to traps. 


When the oil-bath temperature reached 100° the crystalline substance melted, but no low-boiling fractions 
came over. At 145-150° vigorous decomposition set in. A low-boiling liquid collected in the trap; we did not suc- 
ceed in determining the physical constants of this substance (it burned with a green flame). The yield of liquid was 
2.1 g, or 7% of the amount taken. It appeared to be ethyl chloride, the reported boiling point of which is 12,5° (5). 
Another liquid fraction, amounting to 6.8 g (22.8%) was collected, It had a boiling point of 34-36°, corresponding © 
to diethyl ether, 


After the thermal decomposition 18.8 g (60.2%) of a solid porous mass remained, and when this was distilled 
at 116-118" (10 mm), 2.6 g (60.2%) of a white crystalline substance was obtained, It had a melting point of 70-72°, 
corresponding to anumony trichlonde, for which the literature [6] gives b.p. 223°, m.p. 73°, 


Action of Bromine on Triethyl Antimonite, A chloroform solution of 30 g of triethyl antimonite was placed 
in a flask fitted with reflux condenser, and with snow cooling 18.6 g of bromine was carefully added, Each drop of 
bromine was immediately decolorized, but when the final addition was made decolorization was slower, Chloro- 
form was then removed under somewhat reduced pressure from a water bath at 45-50°, The thick yellowish residue 


crystallized when dried in a vacuum desiccator, After being washed with ether and dried, the crystalline substance 
melted at 64-67°, 


Found %: Sb 29.20; 29.70 
Calculated %:; Sb 29.21 


This bromine-addition product (45 g) was subjected to thermal decomposition, 


When the oil-bath temperature reached 110° the crystalline substance melted, but there was not a drop of 
low-boiling liquid on the walls of the flask, At 130-135* there was vigorous decomposition with frothing. The 


liquid fraction collected (19 g) boiled over the range 60-158°. A solid porous mass (21.5 g) remained in the flask, 
Fractionation of the liquid products yielded: 


Fractionl, b.p, 37-40°; 
Fraction Il, b.p. 45-75%; a few drops 
Fraction IIL b.p. 77-79°; 4.1g 


Fraction IV, b.p. 52-65°(14 mm); 2.9g 


Fraction I (8.5 g b.p. 37-40") was treated with a few drops of sulfuric acid in a flask fitted with a reflux 


condenser. From the resulting product 5.1 g of ethyl bromide, b.p. 38-39°, was isolated (the theoretically required 
amount is 11.7 g): about 3 g of diethyl ether was isolated, 


Fraction Il, b.p. 77- 79°, had dq® 0.8005. The melting point of the p-mitrobenzoic ester of this substance 
was 56-57°, The amount isolated was 4.1 g. 


These results indicate that Fraction II was ethanol, The literature [7] gives b.p. 78.3°, d2°,0,7393; p-nitro- 
benzoic ester, m.p. 57°. 


__ Fraction IV was repeatedly distilled and yielded 2.2 g of a substance having b.p, 53 - 65° (14 mm); dj° 1.5059; 
ng 1,4592; found MR 30.33; calculated MR 30,16, The substance irritated the mucous membrane of the eye. This 
fraction was ethyl bromoacetate, The literature [8] gives b.p. 168.7°; nj 1.4542; a} 1,5141 [8]. 


Action of Chlorine on Tributyl Antimonite. Dry chlorine was passed into a water-cooled flask containing 


25 g of wibutyl antimonite until the weight had increased by 5.2 g. A thick, yellowish liquid, 43° 1.4073, was 
formed. 


Found % Sb 30.33; 29.91 
Calculated % Sb 29.57 


Tributoxystibine dichloride (27 g) was subjected to thermal decomposition in a flask fitted with a fraction- 


ating column. At an oil-bath temperature of 130-135°, vigorous decomposition set in, The following fractions 
were collected: 


Fractionl, b.p. 75-79°; 3.7g 
Fraction Il, b.p, 139- 142°; 7.1g 


After the thermal decomposition, 14.2 g (52.6%) of a black, porous mass remained, and from this 2.12 g 


| 


of a white, ‘crystalline substance was isolated, It had b.p, 114- arf (8 mm), and m.p, 79-72°, It was antimony tri- 
chloride, 


After being redistilled, Fraction I had b.p, 77 - 78° and d,° 0.8862; it was butyl chloride, for which the litera- 
ture (9) gives b.p, 79° and dj* 0.8972 (9). 


After being redistilled, Fraction II had b.p. 46 - 47° (14 mm); dj’ 0.7814; nif 1,4054; it was dibuty! ether, 
for which the literature [10) gives b.p. 140.9° and df 0.7841 (10). 


Action of Bromine on Tributy! Antimonite, Tributy] antimonite (25 g) was treated cautiously under cooling 
with bromine (11,7 g). Each drop of bromine was Reaetrony decolorized, The product was a thick, reddish liquid, 
which did not crystallize out when cooled, It had d{° 1.7052, 


Found %; Sb 24.80; 24.51 
Cy Calculated %; Sb 24.88 


Tributoxystibine dibromide (36 g) was subjected to thermal decomposition. Vigorous decomposition began 
at an oil-bath temperature of 125- 130°, Altogether, 18 g of a liquid fraction came over at 74- 153°, The residue 
was 17,9 g (46.8%) of a black solid porous mass, This mass yielded 1.2 g of a white, crystalline substance melting 
at 95- 97° and boiling at 165- 168° (4 mm). It was antimony tribromide, for which the literature [6] gives m.p. 
94°, b.p. 280°. The liquid fraction was fractionated through a Vigreux column and yielded: 


FractionI, b.p. 74-82%; 
Fraction Il, b.p. 85-104°; 
Fraction lil, b.p, 113- 117°; 10.2 g 


Fraction IV, b.p. 42-45°(12 mm); 2.1g 
Fraction V, b.p. S6-62°(12 min); 1.6g 


The fractions were redittilled, Fraction 1(0.8 g, i.e. 2.2%) then boiled at 75-78* and had dj? 0.8296; it 

gave a reddish precipitate - 2,4-dinitrophenylhydrazine, It was butyraldehyde, for which the literature (11) 
gives b.p. 75°, 0.8170; 1.38433, Fraction 11(1.6 g, i.e. 4.4%; b.p. 101-104", 1.2667, and 1.4314) 
was butyl sista for which the msheecomcgg [9] gives b.p. 99.88° and ‘go 1,299, Fraction Ill (10.4 g, i.e. 28.9%; 

b.p. 114-117°, dj? 0.8151, and njj 1.4012) wa: butyl alcohol, for which the literature [12] gives b.p. 116. 7, dy’ 

0.8099, and nf§ 1.39909. Fraction IV (1.6 g, i.e. 4.4%, b. P. 43-44°/ 12mm, d,° 0.7809; ap 1.4042) was dibutyl 
-ether, for which the literature [10] gives b.p. 140.9° and dj 0.7841. Fraction V (0.9 g i.e. 2.5%; b.p, 58-61°/ 12 


mm, d,° 0.8784, and | nf} 1.4086) was butyl butyrate: found MR 40.32; calculated MR 40.97, The ‘iterature 0) 
gives b.p. 164.8°, 0.8717 [9]. 


Acuon of Triethoxystibine Dibromide on Benzaldehyde. An alcoholic solution of 25 g of benzaldehyde 
(>.p. 67-68" at 11 mm) was boiled under reflux with 3 g of triethoxystibine dibromide for 25 hours, After two 
hours a white precipitate appeared in the reaction mixture, and the amount of this increased as the reaction pro- 
ceeded, When the operation was complete the white precipitate was centrifuged off; it weighed 2.6 g. The al- 


coholic solution of reaction products was fractionally distilled, In a second distillation the following fractions 
were collected; 


Fractionl, b.p. 66-67°(11 mm); 14.3 g 
Fraction II], b.p.86-87°(1l1 mm); 2.88 
Fraction IIL b.p.90-91°(1l mm); 2.4g 


The boiling point of Fraction I indicates that it was smenenges benzaldehyde (57.2% of the amount taken). 
Fraction II (2.8 g i.e, 11.2%; b.p. 86-87°/11mm, 4° 1.0428; nj} 1.5342) was benzyl alcohol, for which the litera~ 
ture [13] gives b.p. 204.5 - 205.5*, nj§ 1.53955; 1.0429 


Fraction Ill (2.4 g, i.e. 9%; b.p. 90- 91°/ 11 mm, 4j° 1.0497, and nj§ 1.5049) was ethyl benzoate, for 
which the literature [14] gives b.p. 211.2°, di5 1.0509, and ng 1,5079. 


After the first fractionation there was a black crystalline residue, Recrystallization from ligroin yielded 
white crystals, which yellowed somewhat when exposed to air, Its melting point, which was 63 - 64° after several 


recrystallizations, indicates that it was phenyl m-l omobenzoate, for which the literature (15) gives m.p. 65°, The 
yield of crude product was 1.2 g. 


Acuon of Tributoxystibine Dibromide on.Isobutyraldehyde, A mixture of 30 g of isobutyraldehyde and 5 g 
of tributoxystibine dibromide was prepared in a sealed tube. Reaction began at room temperature, so that the reac~ 
tion mixture became appreciably warm, the bromine color disappeared, and a white precipitate appeared, The 


sealed tube was heated for six hours at 90- 100°, The precipitate was centrifuged off, and the capernatent liqud was 
fractionally distilled, Redistillauon yielded the following fractions; 


Fracuonl, db.p. 64-66°; 20.28 

Fraction Il, b.p, 106 - 112°; 1.8 g 

Fraction Il, b.p. 114-148°; 3.5 g 
Residue 5 g 


The boiling point of Fraction I indicated that it was unchanged isobutyraldehyde, Fraction 11(b.p. 106-112", 
3° 0.8034) was isobutyl alcohol, for which the literature [16] gives b.p. 108.39° and dj’ 0.8003. Fraction II! (d.p. 
144-148", é° 0.8728) was isobutyl isobutyrate, for which the literature (17) gives b.p. 146.6° and a? 0.87495, 


Action of Tributoxystibine Dichlonde on Benzaldehyde. An alcoholic solution of 30 g of benzaldehyde was 
refluxed for 25 hours with 3 g of tributoxystibine dichloride, During this time no changes were observed in the re- 
action mixture, Fracuonation of the mixture gave the original substances, 


SUMMARY 


1. Chlorine and bromine readily form addition products with antimonous esters, 


2. The course of the thermal decomposition of trialkoxystibine dibromides is more complex than that of 


trialkoxystibine dichlorides, Tralkoxystibine dichlorides decompose with formation of an alkyl chloride, an ether, 


and antumony trichloride, while trialkoxystibine dibromides yield an alkyl bromide, an ether, an alcohol, and a 
carboxylic ester, 


3. Trialkoxystibine dibromides are able to promote the Tishchenko ester condensation of aldehydes, and 
they are also able to reduce aldehydes, 
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SYNTHESIS OF PHOSPHONIC ESTERS CONTAINING HETEROCYCLIC RADICALS 
COMMUNICATION 5. PHOSPHONIC ESTERS CONTAINING A HYDROCOUMARIN RADICAL 


B. A. Arbuzov and V. M. Zoroastrova 


This paper is one of a series on the synthesis and properties of phosphonic esters containing heterocyclic 
groups [1, 2, 3, 4]. 


We have effected the syntheses of phosphonic esters in which phosphorus is attached to a heterocycle by the 
method discovered by Arbuzov and Pudovik {5} who carried out the addition of diethyl hydrogen phosphite to chloro- 
methoxypentenes, and further developed in investigations by Pudovik, In presence of a sodium alkoxide, an alkyl 
diphosphite will add to an @, B-unsaturated ketone with formation of esters of y-keto phosphonic acids, It would be 
expected that coumarin and its homologs would undergo a similar addition reaction with formation of esters of "hydro- 


coumarin-4-ylphosphonic acid’: 


(OR)y 


CH 
Gn coon a 
S H 
Oo oO 


The experiments that we have now carried out show that dialkyl phosphites add to coumarin and to 4-methyl- 
coumarin (in presence of sodium alkoxides as catalysts) with formation of hydrocoumarinylptosphonic esters. Analogy 
with the addition products formed by dialkyl phosphites with a, B-unsaturated ketones indicated the position taken up 
by the phosphonic grouping in the hydrocoumarin nucleus. Addition of the dialkyl or at the carbonyl group or 
with cleavage of the lactone ring is much less probable. 


To check these possibilities we attempted to bring about the addition of diethyl phosphite to hydrocoumarin, 
and negative results were obtained, the original substances being recovered unchanged even when severe conditions were 
used, On the basis of these results it may be considered that addition of dialkyl phosphites occurs at the- C=C—bond, 


Hydrolysis of the hydrocoumarin-4~yl- and 4-methylhydrocoumarin-4-yl-phosphonic esters with hydrochloric 
acid yielded, respectively, hydrocoumarin-4-ylphosphonic acid, m.p. 218-220° and 4-methylhydrocoumarin-4-ylphos- 
phonic acid, m.p. 192-193°. The constants and yields of the compounds obtained are given in the table, 


Unusual ease of reaction with diethyl phosphite was shown by 3-acetylcoumarin, Thus, when 3-acetylcoumarin 
and diethyl phosphite were heated with a little sodium ethoxide at 120°, reaction was complete in two hours, The pro- 
duct was a crystalline substance melting at 146-149° (from methanol) and comesponding in analysis to.the product of the 
addition of one molecule of diethyl phosphite to one molecule of acetylcoumarin. 


We did not succeed in obtaining a phenylhydrazone from the addition product formed by diethyl phosphite 
with 3-acetylcoumarin, although acetylcoumarin itself reacts readily with phenylhydrazine to form a crystalline phen- 
ylhydrazone melting at 182-183°, The possibility that diethyl] phosphite added at the carbonyl group of the acetyl ra- 
dical cannot be excluded, and the formula given for this compound in the table must be regarded as tentative. 


It is notable that the cetermined molecular refraction values differ greatly from the values calculated the- 
oretically. The discrepancy is almost constant at 1-1.3 units. 


The compounds numbered 2 and 7 in the table were tested on corn weevils for insecticidal activity, but this 
was found to be very low. 
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TABLE 


Formula “B.p. in °C (pin mm) 
Found |Calculated 


190-195 (7) 1.3038} 1.5303 
200-203 (6 -6.5) | 1.2255, 1.5150 |; 60.91 


223 (7-7.5) 1.1302 1.5015 75 | 87.42 


13.57 


196-198 (5) 5205 |74.77 


| 


215-218 (.5-5.5) | 1.1273 ]1.5070 |93.42 |92.14 


Yield (%) 


, 
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T ABLE (Continued) 


Formula B.p. in °C (p in mm). 


Found | Calculated} 


M.p 218-220 (from a mixture of ethyl and butyl acetates) 


Ch f 
| (OH) 


CH, 
Oo 


Cc 
p 


M.p 192-193 (colosless needles from ethy] acetate) 


M.p 146-149° 


We carried out some experiments on the reaction of diethyl phosphorodithioate with coumarin. but no positive 
results were obtained, It was evident that reaction did occur under certain conditions, but we were unable to isolate 
an individual product because decomposition occured during distillation at reduced pressure (10-14mm). Positive resuli 


were again not obtained for the reaction of diethyl phosphite with 2,6-dimethyl-4H-pyran-4-one, no addition products 
being obtained under similar reaction conditions, 


EXPERIMENTAL 


1. Reaction of Dimethyl Phosphite with Coumarin 


Equivalent amounts of coumarin (5.8 g) and dimethyl phosphite (4.4 g) were placed in an Arbuzov flask. The 
dissolution of the coumarin in the dimethy] phosphite was accompanied by a fall in temperature from 19° to 15°, After 
the addition of ten drops of a concentated solution of sodium methoxide in methanol, almost the whole of the coumarin 
dissolved and formed a clear solution. This solution was heated ia an oil bath at 110-120° for 20 hours, The product was 


a thick liquid having the color of weak tea. Vacuum distillation after the addition of a few drops of glacial acetic acid 
gave the following fractions: 


B.p. 65-72° (15 mm; 2g 


B.p. 135-155 tmm) 2 g (solidified in the condenser) 
B.p. 155-195% 2.8g 


Redistillation of Fraction III gave the fractions: 


B.p. 143-190° (7mm); 0.3 g 
B.p. 190-195°( Imm); 2 g( 19.6%) 


| Yield 
for, 
! 
cH 
co 
re) 
CH 
607 


The second of these fractionswas investigated in greater detail and found to have ny 1,5303; a? 1,3038; found MR 

60,70; calculated MR 59.71, It was a very viscous liquid, soluble in benzene and ether, but insoluble in water. 
Found %: P 11.63 

P 12.10 


Hydrolysis of the Product. The product (0.8 g) was heated with 10 ml of 1:1 hydrochloric acid in a sealed 
tube at 100° for five hours, The contents of the tube were evaporated on a water bath with addition of water from 
time to time until the hydrochloric acid had been completely removed, The crystalline product was recrystallized 
from a 1:4 muxture of ethyl and butyl acetates, Fine colorless needles were obtained, and these became pale gray 
when heated to 200°, and then melted to a brown liquid at 218-220°, The substance is soluble in water, methanol, 
ethanol, acetone, and acetic esters, 

Found ‘jo; P. 13.08 
CyH,OsP. Calculated%: P 12.59 


2. Reaction of Diethyl Phosphite with Coumarin 


Reaction was between 7 g of coumarin (m.p. 68-70°) and 7.4 g of diethyl phosphite. When the coumarin was 
added to the diethyl phosphite, slight cooling (by 2-3°) was observed. Sodium ethoxide solution (10 drops) was added 
(there was no mse of temperature), and the mixture was heated in an oil bath at 120° for six hours. When the mixture 
was cooled, coumarin crystals were precipitated. More sodium ethoxide soluuon (10 drops) was added, and heating was 
continued at 125-135° for six hours. The mixture was then neutralized with glacial acetic acid and vacuum-distilled, 
The fractions obtained were: 


B.p. 67-71° (10mm); 3.6 g 
B.p. 145-155 °(10 mmm): 3.0 g (solidified i in the condenser; it was found to be unchanged coumarin) 
B.p. 165-198%4.5 mm); 4.2 g 

Residue in flask 3 g 


Re fractionation of Fraction III yielded 2.5 g (about 17%) of a substance having b.p. 200-203° (6-6.5mm); n 
1.5150; ¢ 1.2255; Found MR 69.91; Calculated MR 68.93. It was a colorless oil, soluble in organic solvents, any 
insoluble in water. 

Found % P 11.03; 11.39 
Calculated %: P 10.91 


Analysis indicated that the substance was the product formed < the addition of one molecule of diethyl seins 
to one molecule of coumarin. 


Hydrolysis of the Product. A sealed tube containing 1 g of the product and 10 ml of 1:1 hydrochloric acid was 
heated in a boiling water bath for 6 hours 30 minutes. Evaporation of water and removal of hydrochloric acid on a 
water bath left a crystalline substance (about 1 g), which was dirty pink in color, It was recrystallized from a mixture 
of ethyl and butyl acetates, the solutions being treated with activated charcoal. The pure acid melted at 218-220°, 


3. Reaction of Dibutyl Phosphite with Coumarin 


A mixture of 3.5 g of coumarin and 4,7 g of dibutyl phosphite was prepared in an Arbuzov flask, when dissolu- 
tion occured with a fall in temperature of 3°. After the addition of 8-10 drops of a saturated solution of sodium butox- 
ice in butyl alcohol, the mixture was heated for 6.5 hours at 130-140° and for 10 hours at 145-155°. The contents of 

the flask then consisted of a viscous liquid having the color of weak tea. The material was nouwaliaed with glacial 
acetic acid and vacuum-distilled. The fractions obtained were: 


B.p. 108-132°(8mm ); 2.4 g (mixture of original substances) 
B.p. 132-145° (8mm ); 1.1 (solidified in condenses; mainly coumarin) 
B.p. 223° (7-7.5mm); 15g (18.3%) 


i—~pee. OL, a thick yellowish liquid, was similar in properties to the product of the preceding experimeat; 
it had 1.5015; 1.1302; Found MR 88.75; Calculated MR 87.42. 
Found %; P 9.52; 9.58 
Cy7H2g05P. Calculated P 9.11 


Hydrolysis of the Product. The product (0.7 g) was refluxed with 10 ml of 1:1 hydrochloric acid for three 
hours. After the usual treatment, the hydrolysis product was recrystallized from a 4:1 mixture of ethy! and butyl 
acetates, Colorless crystals were obtained which were identical with those obtained previously by hydrolysis of the 
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addition products formed by dimethy! phosphite and by ee phosphite with coumarin (m.p, 218-220°; mixture test, 1 
m.p. 218-219.5°), 


4. Reaction of Diethyl Phosphite with 4-Methylcoumarin 


4-Methylcoumarin was prepared, as previously described [6], by the condensation of phenol with acetoacetic 
ester, A mixture of 9 g of 4-methylcoumarin and 7.7 g of diethyl phosphite was heated with 10 drops of alcoholic 
sodium ethoxide for six hours in a water bath and then for four hours at 120-125°, After the addition of a few drops of 
glacial acetic acid, the mixture was vacuum-fractionated and yielded: 


B.p. 65-t8°(9mm); 4.3 g 
B.p. 160-172°(5mm ); 2.3 g(solidified in condenser; methylcoumarin) 
B.p, 172-200° (Smm ); 7g 


There was a thick brown resinous residue, Fraction III was redistilled and yielded: 


B.p. 174-196°(5 mm); in very small amount 
B.p. 196-198°(5 min); ( with slight decomposition) 


Fraction Il _— a thick oil, insoluble in water, but readily soluble in ether, benzene, acetone, and other organic 
solvents, Ithad nj} 1. 5205; d5° 1.2131; Found MR 74.77; Calculated MR 73.57. The yield was 4 g (24%). 


Found %: P 10.55; 10.35 
Calculated P 10.39 


Hydrolysis of the Product. A sealed tube containing 2 g of the product and 15 ml of 1:1 hydrochloric acid was 
heated forsix hours in a water bath. The contents of the tube were evaporated on the water bath, water being added 
frequently until the whole of the hydrochloric acid had been removed. When the whole of the water was evaporated 
away, the mass crystallized, 1.9 g of dirty-red crystals being obtained, After two crystallizations from acetic acetate 
with simultaneous application of activated charcoal, colorless needles having a double melting point were obtained: 
the crystals became “wet” when heated to i08-110°, resolidified when heated further (120-125°), and finally melted 
at 192-193°, The substance is soluble in water and in alcohol, and it dissolves when heated with ethylor butyl acetate 
or with acetone; it is sparingly soluble in benzene and ether, and is insoluble in petroleum ether, 


Found 7%; P 12.56; 12.60 
Calculated Tor, P 12,80 


5. Reaction of Dibutyl Phosphite with 4-Methylcoumarin 


A mixture of 3.2 g of 4-methylcoumarin and 3.88 g of dibutyl phosphite was heated at 135-140° with a few drops 
of a solution of sodium butoxide in butyl alcohol for 6 hours 30 minutes. After the addition of 5-6 drops of glacial 
acetic acid, the product was vacuum-distilled, After a second ese pa 1.7 g (24.3%) of a fraction boiling with 
slight decomposition at 215-218° (5-5.5 mm) was obtained, It had n' ny * 1.5670; 3°1.1283; Found MR 93.42; Calculated 
MR 92.14. It was a viscous liquid, soluble in organic solvents, 

Found % P 8.26 
Calculated P 8.75 


Hydrolysis of the Froduct, The product (0.7 g) was refluxed with 10 ml of 1:1 hydrochloric acid until the 
oil present disappeared (three hours). Evaporation on a water bath yielded a solid substance, which was crystallized 


from ethyl acetate (colorless needles). Its melting point was not depressed by admixture of the product of the hydroly- 
sis of the corresponding ethyl ester, 


6. Reaction of Diethyl Phosphite with Acetylcoumarin 


Acetylcoumarin (m.p. 123°, from alcohol) was prepared by the condensation of salicylaldehyde with acetoacetic 
ester in presence of piperidine [7]. A mixture of equimolecular amounts of acetylcoumarin (9 g) and diethyl phosphite 
(6.6 g) with 8 drops of a saturated alcoholic solution of sodium ethoxide was heated in an Arbuzov flask in an oil bath 
at 120°, After two hours the flask was cooled, when its contents solidified completely to a very dense brown mass (in 
order to remove it it was necessary to break the flask), The product was recrystallized from absolute methanol with 
the application of activated charcoal, and crystals melting at 146-149° were obtained, We did not succeed in obtain- 
ing crystals having a sharper melting point, probably owing to the occurrence of transesterification during crystalliza- 
tion from methanol, When the product was melted it would not resolidify, but remained as a viscous liquid. The use 
of other solvents for the purpose of crystallization did not give the desired results, The substance was soluble in hot 
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aicohol and slightly soluble in hot water; it was readily soluble in benzene and ethyl acetate, but insoluble in petro- 
leum ether, 


Found 7%: P 9.85; 9.74 
Calculated %: P 9.50 


An attempt to prepare the phenylhydrazone by the action of phenylhydrazine in glacial acetic acid did not give 
positive results, though, under the same conditions, pure acetylcoumarin readily gave a phenylhydrazone, m.p, 182- 
183°, : 

Hydrolysis of the Product, The substance (2 g) was refluxed with 18 ml of 1:1 hydrochloric acid for three 
hours. The clear solution was evaporated in a dish on a water bath until the hydrochloric acid was removed complete- 
ly. When cooled, the contents of the dish solidified to a very hard glossy mass, which we were unable to recrystallize 
i= spite of attempts with all of the usual solvents, The product was g:ound in a mortar, when it formed a dirty-violet 
powder, It did not change when heated to 125°, and then turned red as the temperature was raised further, 


: Found % P 12.03; 12,05 
Cy Ca Iculated P 11,47 


Experiments with Hydrocoumann 

Hydrocoumarin was prepared by the reduction of coumarin with sodium amalgam and distillation of the melilo- 
te acid obtained °8]. it had b.p. 269-271° and n° 1.5595; the literature gives b.p. 272°. Dihydrocoumarin was iden- 
tified by the preparation of its d.bromide, m.p. 104-106° (the literature gives 106°), 


Experiment 1, A mixture of 5 g of hydrocoumarin and 4.65 g of diethyl phosphite was heated in an Arbuzov 
flask with 10 drops of sodium ethoxide solution at 125-135" for 17 hours, After three fractionations the original sub- 
stances were tecovered, No high-boiling fractions were detected, 


Experiment 2, A mixture of 9.7 g of hydrocoumarin and 9.04 g of diethyl phosphite was heated with 15 drops of 
sodium ethoxide solution at 150-155" for 10.5 hours, After several fractionations 7.5 g of diethyl phosphite (b.p. 75- 
80°/ 14 mm) and 6.7 g of hydrocoumarin (b.p, 268-272", niy 1.5590) were obtained, There was a very small amount 
of thick brown resinous residue in the distillation flask. 


8. Experiments with 2,6-Dimethyl-4H-pyran-4-one 


Experiment 1, A mixture of equimolecular amounts of 2,6-dimethyl-4H-pyran-4-one (4.4 g) and diethyl phos- 
phite (4.9 g) was heated in a water bath with 12-15 drops of a saturated solution of sodium ethoxide for 7.5 hours, 
When the mixture was cooled, crystals. of the pyrone came down. The mixture was heated further for 14 hours at 130°, 
The contents of the flask then consisted of a thick brown resinous liquid, the distillation of which yielded: 


B.p. 75-89°(10 mm); 2.58 
B.p. 80-125°( 10-14 mm) 


Fraction II partially crystallized our, and 1.8 g of 2,6-dimethyl-4H-pyran-4-one was obtained. When the temperature 
was raised further, decomposition set in andthe pressure rose to 16 mm. In the distillation flask there remained a glossy 
Dlack carbonaceous product (2 g) reminiscent of anthracite. 


Experiment 2. A mixture of 4.85 g of 2,6-dimethyl-4H-pyran-4-one and 5.4 g of diethyl phosphite was heated 
with 12 drops of sodium ethoxide solution at 110-120° for the duration of four daily sessions (about 30ihours), When 
the mixture was cooled, crystals of the pyrone came down (2.8 g; m.p. 131-132°), Vacuum distillation gave: 


B.p. 62-78" (8-7.5 mm), 4 g 1.4075 (impure diethyl phosphite) 
B.p. 108-115 (8-7.5 MM); in small amount (2,6-dimethyl-4H-pyran-4-one) 
There was a black residue in the flask. The reaction did not go. 


9. Reaction of Diethy! Phosphorod: thioate with Coumarin 


Experiment 1. A mixture of 4.1 g of diethyl phosphorodithioate and 3,1 g of coumarin was heated in a water 
bath for six hours, When the reaction mixture was cooled, yellow crystals came down, and these were found to be 
coumarin contaminated with suitur (m.p. 68-70°), An addition of 10 drops of sodium ethoxide solution was made, and 
heating was continued for a further six hours, Fractionation of the mixture under reduced pressure yielded the original 
substances; there were no high-boiling fractions. The reaction did not go. 


Experiment 2, A mixture of 7.3 g of coumarin, 9.3 g of diethyl phosphorodithioate, and 15 ml of dry benzene 
was heated in a sealed tulte at 120-125° for seven hours, The tube was found to contain an intensely black liquid, 
which was fractionated, The products isolated were 3 g of diethyl phosphorodithioate, b.p. 109-112°( 9’mm). and 
4 g of a fraction boiling at 145-148°(9 mm), which solidified in the condenser to yellow crystals (coumarin contam- 
inated with sulfur). Further heating resulted in decomposition, There was a resinous residue, 


Experiment 3, A mixture of 7.3 g of coumarin and 9.3 g of diethyl phosphorodithioate was refluxed at 150° 
for 15 minutes, The contents of the flask became yellow, Distillation yielded 1.5 g of a fraction having b.p. 37- 


42° and nj} 1.4368, which correspond to ethanethiol (reported values: b.p, 37°, nf} 1.4305), Further distillation 
under reduced pressure gave the following fractions; 


B.p. 115-126°(14 mitt} a small amount of diethyl phosphorodithioate. 


B.p. 126-152°(14 —yelllow liquid, which partially crystallized, yielding coumarin m.p, 67-69. 
B.p. 152-155°(14 ‘tg; 1.3g coumarin, 


At the end of the distillation decomposition set in, Much resin remained in the distillation flask. 


SUMMARY 


1. In présence ofcsodium alkoxides, dialkyl phosphites add to coumarin and to 4-methylcoumarin with form- 
ation of esters of hydrocoumarin-4-yl- and 4 -met' ylhydrocoumarin~-4-yl- phosphonic acids, respectively. 


2. Experiments on the addition of diethyl! p!.osphite to 2,6-dimethyl-4H -pyran-4-one and of diethyl dey 
phorodithioate to coumarin did not give positive results, 
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REACTIONS OF MERCAPTO AMINO ACIDS 


SYNTHESIS OF a-ACYLAMINO 8-THIOLACTONES 


COMMUNICATION 9, 


I, L. Knunyants, O, V. Kildisheva, and E, Ya, Pervova 


In spite of the great progress that has been made in the synthesis of polypeptides having a predetermined 
sequence of ansino-acid residues, there are still great difficulties in the way of the preparation of mixed polyamides 
in which the chain is built up from mercapto amino acids as well as the usual a-amino acids, Only very few such 
polypeptides have been synthesized, Still less study has been devoted to polypeptides derived entirely from mercap- 
to amino acids, The following are known: L-cystyl-L-cystine, prepared by the hydrolysis of the corresponding piper- 
azinedione [1]; polycystine, prepared by heating L-cystine bis-N-carboxyanhydride [2]; poly~S-benzylcysteine [3] 
prepared from S-benzyl-L-cysteine N-carboxyanhydride; and L-methionyl-L-methionine and L-methionyl-L-met- 
hionyl-L- methionine, prepared by the azide method from N-(benzyloxycarbonyl) methionine [4]. 


The only known dipeptide containing free thiol groups is ::ysteinylcysteine. Polypeptides derived from 3,3- 
-dimethylcysteine and other mercapto amino acids have not be < studied, 


Complications arise in the synthesis of such polypeptides # ing to the high reactivity of mercapto amino acids, 
in which not only the amino, but also wie thiol groups must be blocked before the compounds can be applied in the 
peptide synthesis. The removal of the protective groups from the resulting polypeptides can be effected only with 
difficulty. The usual method of blocking a thiol group is benzylation, and the benzyl group may be removed from 
the polypeptide by reduction with sodium in liquid ammonia. As shown in the preceding communications, in the 
case of 3,3-dimethylcysteine blocking the amino groups (acylation) presents no difficulty and can be readily carried 
out even without previous protection of the thiol group (5). 


Among the general methods of synthesizing peptides (from piperazinediones, acid chlorides, azides, ete.), 
the one most widely applied in recent times is the method of acylation with the aid of mixed anhydrides and 
N-carboxyanhydrides of amino acids, and most frequeiitly mixed anhydrides of acylamino acids with carbonic 
monoesters are used, An illustration of the possibilities of this method is provided by the synthesis of cyclo-D-leu- 
cylglycylglycine in 37 % yield [6], and also by the synthesis of a cyclic octapeptide (7]} which was found to be iden- - 
tical in its chemical and physical properties with the natural hormone oxytocin, 


The application of this method to mercapto acylamino acids must inevitable lead to the formation of the 
mixed anhydride (1): 


R° 
H—NHCOR? CH— NHCOR® 
OOH NCsHs)s 


The further transformations of the mixed anhydride (1), apart from possible symmetrization (II), may proceed in 
two competing directions, with formation of a five-membered system— the oxazolinone (III), and with formation of 
a four-membered system - the 8 tholactone (IV): 


R R’ R R 
\Z 
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H.CHy, CH,CgHg, CH, NHCOCH,C,H, 
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Investigation showed that N-acyl-3,3-dimethylcysteines readily react with chloroformic ester in anhydrous 
sclvents in presence of bases, and even at ~ 5° the ferric chloride reaction for a thiol group ceases to be given®. 1g 
When the temperature is raised to that of the room, vigorous evolution of carbon dioxide occurs, 


The readily crystallizing substances obtained by the reaction correspond in analysis to products of the dehydra- 
tion of N-acyldimethylcysteines, and do not contain a thiol group (negative reaction with iodine; infrared-specuum 
evidence), When decomposed by heat they lose carbonyl sulfide and form a raat. 5 - seo which yields 
isobutyraldehyde when subsequently hydrolyzed: 


CH, CH, CH, CH, CH, CH, 
—l.-- hydrolysis oO 

1 (| Pyrolysis + ydroly 
H 


These compounds therefore, are a-acylamino %-thiolactones— derivatives of the new class of g -thiolactores 
recently prepared by Linkova, Kildisheva, and Knunyants [8]. 


We have here yet another example of the readiness with which four-membered rings are formed, Thiolactones 
this type were prepared from N-formyl-, N-acetyl-, N-phenylacetyl-, and N-phenacetury]-3,3-dimethylcysteines 
(see the table), It was found also that a thivlactone could be prepared in one stage. For example, the direct acyla- 
tion of 3,3-dimethylcysteine with the mixed anhydride of phenaceturic acid anda monoester of carbonic acid in 
presence of an excess of chloroformic ester yields the corresponding thiolactone: 


CH, CH, 
—SH 
H,N-CH-COOH 


HOOCCH, NHCOCH,C,Hg 


CICOOR, NC;Hs)s CsHsCH,CONHCH;CONH = 


If it is required to airest the reaction at the stage of the formation of 3,3-dimethyl-N-phenaceturylcysteine, 
that it is essential to use the strict.y equivalent emount of chloroformic ester necessary for the formation of the es- 
ter of the phenaceturic-carbonic anhydride. Under these conditions, 3,3-dimethyl-N-phenaceturylcysteine can be 
obtained in 70% yield, 


TABLE 


Acy1-3,3-dimethyleysteine 8 -Thiolactones CHs 


RCO- NH- CH-CO 


M.p. (°C) 


93-96 
129-130 11 
129-131 99 


45.28 
48.00 
62.65 


5.66 
6.41 
6.26 


6.22! 18.18 
6.07 | 12.62 


194-195 99 58.82 | 5.88 


5.80 | 10.61 


In contrast with the reactions discussed above, the reaction of N-benzoyl-3,3-dimethylcysteine under the same 
conditions proceeds in the competing direction, the product being not a thiolactone, but 4-isopropylidene-2-phenyl- 
2-exazolin-5-one. The elimination of hydrogen sulfide in this case can be explained by the formation of a conjuga~ 
ted system, It is to be expected that this will be the main direction of reaction when acid halides act on mercapto 

acylamino acids in which the thiol group has been blocked; owing to the impossibility of thiolactone formation, un- 
saturated oxazolinones (A) will be obtained; 


* It was previously established that N-acyl-3,3-dimethylcysteines in which the hydrogen of the carboxyl is blocked 
do not give the usual ferric chloride reaction for free thiol groups; in such cases the thiol group can be detected 
only by the iodine reaction [5]. 


CHy 
| | 
| 
| 1 - 20.12 8.80 45.27 5.42] 19.86 | 8.98 
2 CH;— 18.50 8.09 48.80 ae 8.16 
3 C,H;CH, — 12.85 5.62 62.20 5.€0 
| 3 
4 NHCH,— 10.45 9.15 59.10 19.22 
64 | | 


CH 


¢—-CH—COOH Cc=C-CO 
cu’ | | R= CHy 
NHCOR' NO R’ =CgHg, CgH,CH;, CgHsCH,CONHCH, 


(A) 


Thus, from N-benzoyl-S-benzyl-, S-benzyl-N-phenylacetyl-, and S-methy]-N-phenaceturyl-3, 3- dimethy]- 
cysteines, the corresponding unsaturated oxazolinones were prepared by the action of chloroformic ester in presence 
of trimethylamine, 


A study of the properties of thiolactones showed that these compounds are stable: their hydrolysis by water 
proceeds very slowly at room temperature, only 50% of the thiolactone being converted into the N-acyl-3,3-dim- 
ethylcysteine in the course of two weeks, When warmed with water or bicarbonate solution, thiolactones are readily 
hydrolyzed to the corresponding acids, and the solution then again gives the ferric chloride reaction for the thiol group. 
When thiolactones are heated with alcohols, esters of N-acyl-3,3-dimethylcysteine are formed, They react with an- 


iline even at room temperature, with formation of analides, Alcoholysis in presence of lead acetate yields the cor- 
responding mercaptides: 


CH, CH 


H H H 
R-CO-NH-CH-CO OH NHC,H, 


EXPERIMENTAL 


General Method for the Preparation of 8 -Thiolactones from N-Acyl-3,3-dimethylcysteines, A solution of one 
molecular proportion of the N-acyl-3,3-<dlimethylcysteine and two molecuhr proportions of triethylamine in dry chlo- 
roform was cooled to ~10° and stirred while a cooled solution of 1.5 molecular proportions of isobutyl chloroformate 
in dry chloroform was added (the temperature must not be allowed to rise above ~6°). The reaction mixture was 
kept at ~—5° until there was no longer a reaction for the thiol group (5-10 minutes), and the temperature was then 
allowed to rise to that of the room (there was a vigorous evolution of carbon dioxide, even at 0°). The solution was 
evaporated under reduced pressure, the dry residue was rubbed out withetlicr, and the substance was filtered off, wash- 
ed well with water, dried in a vacuum desiccator over phosphoric oxide, and crystallized, 


Anilide of N-Formyl-3,3-dimethylcysteine. The above-described preparation was carred out on 0.17 g (0.001 
mole) of N-formyl- 3,3-dimethylcysteine up to the stage of the disappearance of the reaction for the thiol group with 
ferric chloride and ..ithout isolation of the thiolactone, a sclution of 0.09 g (0.001 mole) of aniline in dry chloroform 
was then added at -5°. The reaction mixture was set aside ct room temperature ovemight. On the next day the solu- 
tion was evaporated to dryness and the residue was washed successively with bicarbonate solution, water, dilute hydro - 
chioric acid, and water. It was dried over phosphoric oxide in a vacuum desiccator. The product was 0.1 g of the 
anilide of N-formyl-3.3 dimethylcysteine. m.p. 165-169° (from absolute alcohol). 


Found %: N11.3 
- Calculated%; N11.3 


Anilide of N- Acetyl-3,3-dimethylcysteine. A solution of 0.25 g (0.0014 mole) of N-acetyl-3.3-dimethylcys- 
teine 8 -thiolactone in 0.5 g (0.005 mole) of aniline was prepared, The solution was set aside at room temperature 
Overnight. and on the next day the precipitate that had formed was filtered off and washed successively with 2 N 
HCl, water, bicarbonate solution, and again water. The product was 0.38 g(a quantitate yield) of the anilide of 
N-acetyl-3,3-dimethylcysteine, m.p. 193°195° (from alcohol). 


Found %; C 58.45; H 6.80; S 11.92; N 10.71 
C43HgO,N,S. Calculated%: C 58.64; H 6.76; S$ 12.03; N 10.52 


3,3-Dimethyl-N-phenaceturylcysteine 8 -Thiolactone *. A solution of.0.97 g (0.003 mole) of 3,3-dimethyl- 


* The first suggestion that a AB - thiolactone is formed in the reaction of acetic anhydride with 3,3-dimethy!-N-phen- 
aceturylcysteine was made by Sus[9], but the substance that he isolated melted at 143°, 
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N phenaceturyleysteine and 0.6 g (0.006 mole) of triethylamine in 20 ml of dry chloroform was cooled to —10° and 
stirred while a cooled solution of 0.4 g (0.003 mole) of isobutyl chloroformate in dry chloroform wasadded. A cop- 
ious precipitate of the thiolactone formed immediately, and an immediate ferric chloride test for thiol groups was 
negative. The precipitate was filtered off, washed with water, and dried in a vacuum desiccator over phosphoric ox- 
ide. The product was 0.9 g(a quantitative yield) of 3,3-dimethyl-N-phenaceturylcysteine 6 -thiolactone, which 
melted with decomposition at 191-194° (from absolute ethanol). The thiolactone was not soluble in water, ether, 
chibroform. benzene, ethy! acetate, and dioxane, and it was poorly soluble in alcohol. 


Found %: C 59.1; H5.80; S 10.60; N 9.20 
CysHyO3N,5. Calculated %; C 58.82; H 5.82; $ 10.45; N 9.15 


b) A solution of 0.62 g (0.003 mole) of phenaceturic acid and 0.3 g (0.003 mole) of triethylamine in 10 ml of 
dry chloroform was cooled to ~ 10° and stirred while 0.84 g (0.006 mole) of isobuty! chloroformate was added. After 
5-10 minutes a cooled solution of 0.45 g (0.003 mole) of 3,3-dimethylcysteine in 3 ml of N NaOH (0.002 mole) was 
added. and the mixture was stirred vigorously with cooling for 15 minutes (a copious precipitate of thiolactone formed); 
stirring was continued for a further 30 minutes at 20°. The precipitate was filtered off. washed with chloroform, and 
dned in a vacuum desiccator over phosphoric oxide. The product was 0.45 g (50%) of 3,3-dimethyl-N-phenaceturyl- 
cysteine 8 -thiolactone, m.p. 170-181°, raised by recrystallization from alcohol to 190-192°. A mixture test with 
the substance obtained in the preceding experiment showed no depression, 


When the alkaline solution was acidified, 0.1 g of 3,3-dimethyl-N-phenaceturylcysteine was obtained. 


Reactions of 3,3-Dimethyl-N-phenaceturylcysteine 6 -Thiolactone, 


a) With lead acetate. The thiclactone (0.5 g i.e. 0.0016 mole) was dissolved in methanol at 40° and 0.5 g 
(0.0915 mole) of lead acetate was added. The mixture was refluxed for eight hours, and the black precipitate formed 
was filtered off (60 mg. i.e. 15% of lead sulfide). The filtrate was evaporated under reduced pressure at room temp- 
erature. The yellow residue was well washed with ether, alcohol, and then water; it was dried over phosphoric oxide 
in a vacuum desiccator. The product was 0.5 g of the methyl ester of 3,3-dimethyl-N-phenaceturylcysteine in the 
form of its lead mercaptide. Evaporation of the ether-alcohol mother liquor yielded a further 0.1 g of the mercap- 
tide. The total yield of mercaptide was 0.6 g (85%). It was crystallized from dioxane and then from absolute alcohol. 


After being dried over phosphoric oxide in a vacuum, it melted with decomposition at 150° (partial liquefaction oc- 
curred at 110°), 


Found %; C 43.57; H 4.94; N 5.80; CH,O 7.52 
CyHgOgN,S,Pb. Calculated %; C 43.58; H 4.76; N 6.35; CH,;0 7.03 


b) Pyrolysis. 3.3-Dimethyl-N-phenaceturylcysteine 8 -thiolactone was heated at a temperature close to its 
melting point (190°) at a residual pressure of 2 mm for 20-30 minutes (uatil decomposition ceased). The residue was 
rubbed out with ether and recrystallized from ethyl acetate. 


The product was a crystalline substance melting at 157- 158° (N-2-methyl propenylphenaceturamide). 


Found %: C 68.18; H 7.42; N 11.22 
CygHygN,O,. Calculated %; C 68.29; H 7.32; N 11.38 


In order to prove that this was N-2-methylpropenylphenaceturamide, it was hydrolyzed with 2 N HC 1 in pre- 
sence of 2.4-dinitrophenylhydrazine. The precipitate that formed was filtered off and crystallized from alcohol. 
The product was a hydrazone melting at 178-180°, and there was no depression in a mixture test with the 2, 4-din- 
iuophenylhydrazone of isobutyraldehyde. 


a) From N-benzoyl-3,3-dimethyicysteine. A solution of 0.54 g (0.002 mole) of N-benzoy1-3,3-dimethylcys- 
teine and 0.4 g (0.004 mole) of methylamine in 5 ml of dry chloroform was cooled to — 10°, and a cooled solution 
of 0.28 g (0.002 mole) of isobutyl chloroformate was added, After 15 minutes the temperature was raised to that of 
the room and the solution was evaporated to dryness. The residue was extracted with ether; the yield of HCIN(C;Hs)s 
was quantitative. The ether solution was evaporated at room temperature, and the oily residue was treated with a 
small amount of alcohol. The product was 0.28 g (70%) of 4-isopropylidene-2-phenyl-2-oxazolin-5-one, m.p. 94- 
35°, undepressed by admixture of 4-isopropylidene-2-phenyl-2-oxazolin-5-one preparedl by another method, 


b) From N-benzoyl-S-benzyl-3,3-dimethylcysteine. A solution of 0.34 g (0.001 mole) of N-benzoyl-S-ben- 
zyl-3,3-dimethylcysteine and 0.1 g (0.001 mole) of triethylamine in 5 ml of dry chloroform was cooled to — 10°, 


Ee. 

| — 

| 


and a cooled solution of 0.14 g (0.001 mole) of isobutyl chloroformate in dry chloroform was added, The same > 
temperature was maintained for 5-10 minutes, and the temperature was then raised gradually to that of the room 
(at 0° the sharp odor of a -toluenethiol appeared). After 20 minutes the solution was evaporated in the air, The 
oily residue was treated with ct!ier, undthe precipitate of triethylamine hydrochloride was filtered off (the yield 
was quantitative), Theethsreal filtrate was evaporated under reduced pressure. The dry residue (0.25 g) smelled 
strongly of a -toluenethiol. Recrystallization from aqueous acetone yielded 0.14 g (70%) of 4-isopropylidene -2- 


phenyl-2-oxazolin-5-one, m.p. 93-96",. undepressed by admixture of 4-isopropylidene-2-phenyl-2-oxazolin-5- 
one prepared from hippuric acid, 


$,3,3-Trimethyl-N-phenaceturylcysteine. A solution of 0.42 g (0.003 mole) of methyl iodine inS ml 
of ethanol was added to a solution of 0.96 g (0.003 mole) of 3,3-dimethyl-N- phenaceturylcysteine in 8 ml of 
N NaOH (0.003 mole). The ferric chloride reaction for the thiol group disappeared immediately. Alcohol! was 
removed under reduced pressure at room temperature, The alkaline aqueous solution that remained was extracted 
with ether, acidified to Congo red with concentrated hydrochloric acid, and left in a refrigerator for several hours, 
The crystalline precipitate was filtered off, washed with water, and dried, The product was 0.6 g (60%) of S,3,3- 
trimethyl-N-phenaceturyleysteine, m.p. 115-117° (from a 1:3 mixture of benzene and ethyl acetate). - 


Found %, C 56.82; H 6.52; S$ 9.59 
CyH2QN,S. Calculated %: C 56.80; H 6.50; S 9.46 


4-Isopropylidene -2-(phenylacetamidomethyl)-2-oxazolin-5-one. A solution of 9.34 g (0.001 mole) of 
£,3, 3-trimethy!-N-phenaceturylcysteine and 0,11 g (0,001 mole) of triethylamine in 5 ml of dry chloroforin was 
cooled to — 10°, and a cooled solution of 0.14 g (0.001 mole) of isobutyl chloroformate in dry chloroform was add- 
ed. After five minutes the temperature was brought to that of the room (the evolution of methanethiol was observed 
4 already at 9°) and the reaction mixture was evaporeted under reduced pressure. The oily residue solidifie¢ when rub- 
bed out with absolute ether. The substance was filtered off, waslied with water, and dried over phosphoric oxide in a 
vacuum desiccator. The product was 0.25 g(a quantitative yicld) of 4-isopropylidene-2-(phenylacetylamidomethyl)- 


~& phenylacetylamidomethyl)-2-oxazolin-5-one, m.p, 121-122° (from absolute alcohol). This oxazolinone is readily 
soluble in ethyl acetate and alcohol, but insoluble in ether and in water. 


Found Jo C 65.72; H6.03; N 10.49 
CysH,,0O;N,. Calculated %; C 66.17; H 5.89; N 10.3 


SUMMARY 


_ 1, When treated with chlorofoimic esters, N-acyl-3,3-dimethylcysteines give N-acyl-3,3-dimethylcysteine 
8 -thiolactones in excellent yield. N-Benzoyl-3,3-dimethylcysteine is an exception, and under the same conditions 
it loses hydrogen sulfide and is converted into 4-isopropylidene -2-phenyl-2-oxazolin- §-one. 


2. When the new thiolactones prepared in this way are treated with aniline, they yield the corresponding 
N- acyl-3,3-dimethylcysteine anilides. 


3. When N-acyl-S-alkyl (or aralkyl)-3,3-dimethylcysteines are treated with chloroformic esters, the elim- 
ination of thiols readily occurs, and 2-alkyl (or aralkyl)-4-isopropylidene-2-oxazolin-5--ones are formed, 
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REACTIONS OF. MERCAPTO AMINO ACIDS 
COMMUNICATION 10. NEW METHOD FOR THE SYNTHESIS OF- POLYPEPTIDES 


I, L. Knunyants. O. V. Kilisheva, and E. Ya. Pervova 


We have shown previously [1) that. under the action of dehydrating agents, N-acyl-3,3-dimethylcysteines 
are readily converted into thiolactones(1}. Further investigation of the properties of the new thiolactones has 
shown that they are j ust as reactive as mixed anhydrides of acylamino carboxylic acids, and by their aid we have 
succeeded in synthesizing di- and tri- peptides of 3,3-dimethylcysteine for the first time. The acylation of 3,3- 
dimethylcysteine can be carried out with isolated thiolactones, and can be effected also without their isolation in 
the pure state. In the second case the yield of dipeptide does not exceed 40-50%, By the acylation ofthe methyl 
ester of 3,3-dimethylcysteine in ethyl acetate solution at 20° with isolated thiolactones, (N-acetyl -3,3-dimethyl- 
cysteinyl )- and (3,3-dimethyl-N- phenylacctylcysteiny])-3, 3-dimethylcysteincs were in yield; 


CH; CH; ‘Cy CH, CH, CH; 
RCO-NH-CH-CO H,N-CH-COOCH, RCO-NH- CH-CO-NH-CH —COOCH, 


Like the esters of N-acyl-3,3- -dimethylcysteine, the esters of N- -acylated dipeptides of 3,3-dimethylcysteine 
do not give the ferric chloride thiol reaction. By hy ia with 2 N NaOH at 40-50° they are readily converted 
into the corresponding dipeptides in 60-70% yield. 


The most convenient method for the preparation of single-component dipeptides was found to be the acyl- 
ation of 3,3-dimethylcysteine with the isolated thiolactone in an aqueous alkaline medium at 25-35°. Dipep- 
tides were obtained in yields of up to 80-90%. The acylation of various amino acids with thiolactones went just - 
as readily and in excellent yield, and in this way the following mixed dipeptides were isolated; bis(3,3-dimethyl- 
N- phenylacetylcysteinyl) cystine, (3,3-dimethyl-N-phenylacetylcysteinyl) valine, and (N-formyl-3,3-dimethyl- 
cysteinyl) alanine. The dipeptides obtaincd were colorless crystalline compounds. The thiol groups of the mixed 
dipeptides could be detected only by the iodine reaction. owing to the blocking of the carboxyl of the dimethyl- 
cysteine. Further investigations showed that dipeptides of 3,3-dimethylcysteine are readily converted into thiol- 
actones, which can then be used in the synthesis of more complex polypeptides, 


Thus, by the treatment of (N-acetyl-3,3-dimethylcysteinyl) -3, 3-dimethylcysteine with a chloroformic ester 
in presence of triethylamine in an anhydrous medium. the acylamino thiolactone (1) was obtained. 


The formation of the substance (I) was generally accompanied by simultaneous acylation of the free thiol ~ 
group of the 3,3-dimethylcysteiny] residue; 


CHy CHy Hy CHy 


—SCOOR 
CH,CO- NH- CH,CO- NH-CH-CO-NH- 
The thiolactone (1) is a stable crystalline compound, which is slowly hydrolyzed wy aqueous solutions of 


caustic alkali. With aniline it readily forms the corresponding anilide, and w..: the methy) ester of 3,3-dimethyl- | 
cysteine it forms the uipeptide methyl ester (II): 


| 


Hy Hy Cis 
-SCOOR — 


! 


CHyCO~ NH~CH~CO- NH- CH-CO 


CH;CO- NH- (11) 
A mixed tripeptide was obtained by the acylation of the methyl ester of 3,3-dimethylcysteine with 3,3- 
dimethyl-N-phenaceturylcysteine §-thiolactone (III) under the same conditions: 


CH, CH; Hy CH, Hy Hy GHy 
R- NH-CH-¢O NH,- CH-COOCH, R~ NH~CH™ CO~ NH~ COOCH, on 
H, CH; 


NH-C-COOH 
R = 


Hydrolysis of the tripeptide methyl ester (IV) with alcoholic N NaOH at room temperature gave the wipep- 
tide (3, 3- dimethyl- N-phenaceturylcysteinyl)-3,3-dimethylcysteine. Hydrolysis of (IV) under more severe con- 
ditions (2 N NaOH at 40-50°) was accompanied by the elimination of two molecules of hydrogen sulfide and the 
formation of 3-methyl-2-(3-me thyl-2-phenaceturaminocrotonamido) crotonic acid(V). Acylation of valine with 
the thiolactone (III) in an aqueous alkaline medium yielded the mixed tripeptide (3, 3-dimethyi-N-phenaceturyl- 
cysteinyl) valine(VI): 


CH-CO- NH- 


The mixed tripeptides were just as readily converted inte acylating agents as the dipeptides were, Thus from 
the tmpeptides (IV) and (VI), the anhydro derivatives (VII) and (VIII), respectively, were prepared, and acylation of 
the methyl ester of 3,3-dimethylcysteine with ( VII] yielded a mixed tetrapeptide — the methyl ester ofS ~isobut- 
oxycardonyl)-3, 3-dimethylcysteine (1X): 


CHy Cc 3 Hy Cc 3 
-SH H —SCOOR 
NH~ CO-CH- NH~CO-CH- NH~CO~CH, NHCOCH,CgHs 


(1X) 


There can be no doubt at all that the tetrapeptide (1X) will behave like *he di- and tri-peptides of 3,3-dim- 
ethyleysteine under similar conditions and will give the corresponding anhydro deri ative, by the aid of which it 
will be possible to obtain a pentapeptide. Our method, therefore, permits the preparation of single-component 
and mixed polyamides — the latter with a predetermined sequence of amino acids, 


EXPERIMENTAL 


N-Formyl1-3, 3-dimethylcysteinyl) -3,3-dimethylcysteine. A solution of 0.9 g (0.005 mole) of N-formyl-3, 
3-dimethylcysteine and 1 g (0.01 mole) of triethylamine in 10 ml of dry chloroform was cooled to —10° and 


CHy Hy  CHy CH, 
—SCOOR —SH 
| 
CH; CHy Hy CH; 
i 
| 
| 
7 


stirred while addition was made of a cooled solution of 0.65 g (0,005/mole) of isobutyl chloroformate in dry chlo- 
roform, The reaction mixture was allowed to stand at—6° until there was no longer a ferric chloride reaction for 
the thiol group (10 minutes), The mixture was then cooled to -10° and a cooled solution of 0.75 g (0.005 mole) 
of 3,3-dimethylcysteine in 7.5 ml (0.007 mole) of N NaCH was added, The mixture was stirred vigorously for 

15 minutes at —&°*, and was then stirred for one hour at room temperature, The aqueous layer was separated, ex- 
tracted with ether, and acidified to Congo red with 2 N HC1 with cooling. The oil that came down slowiy solid- 
ified, The product was 0.6 g (40%) of (N-formyl-3,3-dimethylcysteinyl)-3,3-dimethylcysteine, m.p, 152-161", 
raised to 181-183°* by repeated recrystallization from a methanol-ether mixture, The peptide isreadily soluble 
in alcohol and dioxane; it is insoluble in ether, water, and benzene. 


Found %; C 43.46; H 6.53; N 8.54; $ 19.86 
CyyH29%N;S. Calculated %; C 42.85; H 6.49; N 9.09; S 20,50 


Methyl Ester of (N-Acetyl-3. 3-dimethylcysieinyl)-3,3-dimethylcysteine, To a solution of 0.5 g (0.0028 — 
mole) of N-acetyl-3,3-dimethylcysteine § -thiolactone (1): in ethyl acetate, 0.45 g (0.0028 mole) of the methyl 
ester of 3,3-dimethylcysteine was added, The reaction mixture was set aside at room temperature until the next 
day, when the precipitate formed was filtered off and washed with ethyl acetate. The product was 0.3 g of (N- 
acetyl-3.3-dimethylcysteinyl)-3,3-dimethylcysteine, m.p. 194-196° (from ethyl acetate). The ethyl acetate 
mother liquor was evaporated under reduced pressure, and the oily residue was washed with 2 N HCl and with 
water: a further 0.4 g of the dipeptide was obtained, The total yield was 0.7 g(73.7%). The methyl ester of 


(N-acetyl-3,3-dimethylcysteinyl)-3, 3-dimethylcysteine is readily soluble in alcohol and ethyl acetate, but in- 
soluble in water, ether, and benzene. 


Found %: C 46.20; H7.12; S$ 19.01; N 8.22 
Calculated C 46.42; H 7.14; S 19.04; N 8.33 


(N- Acety]-3,3-dimethylcysteinyl)-3,3-dimethylcysteine, a) A mixture of 0.5 g (0.0015 mole) of the 
methyl ester of (N-acetyl-3,3-dimethylcysteinyl)-3,3-dimethylcysteine and 2 N NaOH was heated at 40° for two 
hours. The alkaline solution was extracted with ether and then acidified to Congo red with 2 NHC1_ The pre- 
cipitate that formed was filtered off and washed with water. The product was 0.25 g (507) of (N-acetyl-3,3-dim- 
ethylcysteinyl)-3,3-dimethyleysteine, melting with decomposition at 205-206° (from methanol), (N-acetyl-3,3- 
dimethylcysteinyl)-3, 3-dimethylcysteine is an amorphous substance, readily soluble in alcohol and dioxane, in- 


soluble in water, ether, and benzene. The presence of a thiol group in the dipeptide can be detected by the us- 
ual reactions. 


Found %: C 44.66; H 7.00; $ 19.80; N 8.57 
Cy: HygQN2S;. Calculated %: C 44.72; H 6.83; S 19.86; N 8.72 
Neutralization equivdlent: found 316.4; calculated 322 


b) A solution of 1.2 g (0.006 mole) of N-acetyl-3,3-dimethylcysteine and 1.2 g (0.012 mole) of triethyla- 
mine ir. 20 ml of dry chloroform was cooled to -10° and stirred while addition was made of a cooled solution of 
0.8 g {0.006 mole) of isobutyl chloroformate in dry chloroform, The reaction mixture was allowed to stand at 
~6° until there was no longer a reaction for thiol with ferric chloride. After 5-10 minutes the solution was cooled 
to -10° and a cooled solution of 0.9 g (0.006 mole) of 3,3-dimethylcysteine in 6 ml of N NaOH (0.006 mole) was 
added. The mixture was stirred vigorously at 0° for 15 minutes, and was then stirred for one hour at room temp- 
erature. The aqueous layer was separated, extracted with ether, cooled, anc acidified to Congo red with 2 N HCl. 
The oil that came down rapidly solidified. it was filtered off and washed with hot water and then methanol. The 


product was 1.2 g (60%) of (N-acetyl-3, 3-dimethylcysteinyl)-3,3-dimethylcysteine, melting with decomposition at 


205-206°. In admixture with the sample prepared in the preceding experiment there was no depression of melt- 
ing point. 


c) To a solution of 0.35 g (0.002 mole) of 3,3-dimethylcysteine in aqueous sodium bicarbonate (0.002 
mole), 0.4 g (0.002 mole) of N-acetyl-3,3-dimethylcysteine B-thiolactone [1] was added. The mixture was 
heated at 30° until the thiolac tone dissolved and was then left ovemight at room temperature. The solution 
Was then extracted several times with ethyl acetate and acidified to Congo red with 25% sulfuric acid; the oil 
that came down slowly solidified. ‘The precipitate was filtered off, washed with water, and dned over phosphoric 
oxide in a vacuum desiccator. The product was 0.5 g (91% on the amount of thiolactone that reacted) of (N- 
acetyl-3,3-dimethylcysteinyl)-3,3-dimethylcysteine, m.p. 205-206°, undepressed by admixture of samples of the 
dipeptides obtained in the preceding experiments, Evaporation of the ethyl acetate mother liquors resulted in the 
recovery of 0,1 g of unchanged N-acetyl-3,3-dimethylcysteine 6 ~thiolactone. 


Methyl Ester of (3,3-Dimethyl-N- phenylacetylcysteinyl)- -3,3- ye aS A solution of 0.6 g (0.0024 
mole) of 3,3-dimethyl-N-phenylacetylcysteine 8-thiolactone and 0.4 g (0.0024 mole) of the methyl ester of 3, 3- 


dimethylcysteine was prepared in ethyl acetate and was then left at room temperature overmght.. The crystalline 
precipitate that formed was filtered off, washed with ethyl acetate, and dried, The product was 0,55 g of the methyl 
ester of (3,3-dimethyl-N-phenylacetylcysteinyl)-3,3-dimethylcysteine, The ethyl acetate mother liquor yielded a 
further 0.25 g of the dipeptide, the total yield being 80%. After recrystallization framabsolute ethanol the melting 
point was 155-161°, The dipeptide 1s a colorless crystalline substance, readily soluble in alcohol and ethyl acetate, 
but insoluble in water and ether.. The presence of a thiol group can be detected with iodine, 


Found % C 55.30; H 6.90; S 15.68; N 6.92 
CygHzgOgheS2. Calculated %; C 55.33; H 6.79; S 15.53; N 6.79 


(3,3-Dimethyl-N-phenylacetylcysteinyl)-3,3-dimethylcysteine. The methyl ester of (3,3-dimethyl-N- 
phenylacetylcysteinyl)-3, 3-dimethylcysteine (0.4 g. 0.001 mole) was heated with 2 N NaOH at 40-50° for two 
hours, The solution was filtered, extracted with ether, cooled, and acidified with 25% sulfuric acid, The oil that 
separated rapidly solidified. The precipitate was filtered off, washed with water, and dried over phosphoric oxide 
in a vacuum desiccator; it was then again washed with ether and dried. The product was 0.3 g (77%) of (3,3- 


dimethyl-N-phenylacetylcysteiny1)-3, 3-dimethylcysteine, meltung with decomposition at 178-182° (from absolute 
alcohol). 


(3,3-Dimethyl-N- phenylacetylcysteinyl)-3,3-dimethylcysteine is readily soluble in alcohol, chloroform, and 
dioxane, but insoluble ia water and ether, The presence of the thiol group can be detected both with iodine and with 
ferric chloride. 


Found %: C 54,08; H 6.93; $ 15.23; N 6.78 
CygHzgOgN2S;. Calculated %: C 54.27; H 6.53; S 16.03; N 7.03 


Bis 3,3-Dimethyl-N-phenylacetylcysteinyl)cystine. To a solution of 0,12 g (0.0005 mole) of cystine in 1 ml 
of N NaOH (0.001 mole), 0.25 g (0.001 mole) of 3,3-dimethyl-N-phenylacetyleysteine B-thiolactone was added, 
The mixture was heated to 50° and then left at room temperature overnight. On the next day the solution was ex- 
tracted with ethyl acetate and acidified to Congo red with 2 N HCl with cooling. The amorphous precipitate that 
formed was filtered off, washed with water, and dried over phosphoric oxide in a vacuum desiccator, The product 
was 0.35 g of bis(3,3-dimethyl-N-phenylacetylcysteinyl)cystine, ‘vhich had a decomposition temperature of 96°. 
The substance was purified by precipitation from methanol solution with absolute ether (repeated twice), and it 
then melted with decomposition at 160°. The dipeptide is readily soluble in alcohol, but insoluble in water, ether, 
and benzene. The presence of the thiol group could be detected only by the iodin2 reaction. 


Found %: S$ 16.15; N 7.39 
CyHgO,N,Sy Calculated % 17.34; N 7.58 


(3,3-Dime thyl- N- phenylacetylcysteinyl)valine, Valine (0.12 g, i.e. 0.001 mole) was dissolved in an aqueous 
solution of sodium bicarbonate (0.001 mole), and 0.25 g (0.001 mole) of 3,3-dimethyl-N-phenylacetylcysteine B~ 
thiolactone was added, The mixture was heated in a water bath at 40-45° unul the thiolactone dissolved (20 mit.- 
uces), and was then left overnight. It was then filtered, and the filtrate was extracted with ethyl acetate aud acidi- 
fied to Congo red with sulfuric acid with cooling. The oil that separated solidified after some time. The product 
was 0.3 g of (3,3-dimethyl-N-phenylacetylcysteinyl)valine, decomposition temperature 159°, raised to 183° by two 
crystallizations from absolute ethanol. The dipeptide is readily soluble in alcohol, dioxane, ethyl acetate, and chiot- 
oform, but insoluble in water and ether, The presence of a thiol group can be detected only by the iodine reaction. 


Found % C 58.71; H 6.96; S 8.72; N 7.67 
CigHy,QyhS. Calculated %, C5901; H 7.10; $ 8.74; N 7.65 


(N-Formyl-3, 3-dimethylcysteinyl)alanine, To a solution of 0.18 g (0.002 mole) of alanine in 2 ml of N 
NaOH (0.002 mole), 0.32 g (0.002 mole) of N-formyl-3,3-dimahylcysteine B-thiolactone was added. The mix- 
ture was heated at 40° for 20 minutes and then set aside at room temperature overhight, The solution was ex - 
tracted with ethyl acetate, acidified with 2 N HCl with cooling, and evaporated under reduced pressure until 
crystallization set in, The product was 0.35 g of (N-formyl-3,3-dimethylcysteinyl)alanine, decomposition tem- 
perature 163°. The mother liquor yielded a further 0.1 g of the dipeptide, the total yield being 0.45 g. After 
recrystallization from ethanol the decomposition temperature was 163°. The dipeptide {s readily soluble in al- 


cohol, dioxane, and water, but insoluble in ether, ethyl acetate and benzene. The presence of a thiol group can 
be detected by the iodine reaction, 


/ 
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Found %: C 43,94; H 6.49; S 13,28; N 10.90 
CyHygO,N,S. Calculated %: C 43.58; H 6.45; 12,90; N 11,29 


(N- 3-dimeathylcysteine B-Thiolactone (1). A solution 
of 0.30 g (0.001 mole) of (N-acetyl-3,3-dimethylcysteinyl)-3, 3-dimethylcysteine and 0.3 g (0.003 mole) of triethyl- 
amine in dry chloroform was cooled to~ 10°, and at this temperature a solution of 0.14 g (0.001 mole) of isobutyl 
chloroformate in dry chloroform was added, Five minutes after a ferric chloride reaction ceased to be obtained for 
the thiol group, the temperature was gradually raised to that of the room, Solvent was removed under reduced pres- 
sure, The oily residue was rubbed out with ether, and the precipitate then formed was filtered off, washed with water, 
and dried over phosphoric oxide in a vacuum desiccator, The product was 0.1 g of the thiolactone (I), m.p. 196- 
198° (from absolute alcohol), The thiolactone does not react with water at room temperature, but when heated with 
water it is readily hydrolyzed with formation of (N-acetyl-3,3-dimethylcysteinyl)-3,3-dimethylcysteine, It is readily 
soluble in alcohol, chloroform, and ethyl acetate, but insoluble in water and ether, 


Found %: C 50,16; H 6.92; S 15.80; N 6.77 
Cy7H2gO5N2 Sp. Calculated 7%: C 50.49; H 6.93; S 15.84; N 6.93 


Anilide of [N-Acetyl~S-(isobutyoxycarbon A solution of 
0.1 g (0.0002 mole) of the thiolactone (1) and 0.04 g(0.0v04mele) of aniline was prepared in ethyl acetate as 
solvent and was set aside at room temperature ovemight, The crystalline precipitate formed was then filtered off, 
washed with 2 N HCl and then water, and dried, The product was 0,1 g of the anilide of [N acetyl-S-(isobutyoxy- 
carbonyl)-3,3-dime thylcysteinyl}-3,3-dimethylcysteire, m.p, 226-229° (from absolute alcohol), The anilide is 
readily soluble in alcohol, but insoluble in water, ethyl acetate, and ether. 


Found %: C 55.08; H 7.05; S 13.09; N 8.76 
Calculated C 55.53; H 7.04; S 12.88; N 8.45 


Methyl Ester of 7 N- Acetyl -S -(isobutoxycarbor y1)-3,3-dimethylcyste inyl}-3,3-dimethylcy: teinyl) -3,3-di- 3-di- 
methylcysteine (II), A solution of 0.1 g (0. 00025 n mole) 1ole) of (N-acetyl-S-(isobutoxycarbony1)-3, 3-dimethylcys- 
teiny!}-3,3-dimethylcysteine B-thiolactone and 0.04 g (0.00025 mole) of the methyl ester of 3,3-dimethyl- 
cysteine was prepared in ethyl acetate as solvent and was set aside at room temperature overnight. The Precipi- 
tate formed was filtered off, washed with ether, and dried, The product was 0.1 g of the methy! ester of {(N- 
acetyl-S-(isobutoxycarbony1)~3, 3--dimethylcysteiny!}-3, 3- - dimethylc ysteinyl melting with 
decomposition at 236-238° (from absolute alcohol), The dimethylcysteine tripeptide (I!) is an amorphous substance, 
readily soluble in alcohol, but insoluble in water, ether, and ethyl acetate, 


Found % 48.00; H 7.10; S 16.85; N 7.36 
C23H4107N; S3. Calculated 7: 7 C 48, 67; H 7. 31; S 16. 94; N 7.38 


Methyl Ester of (3,3-Dimethyl-}i- (IV). 3,3-Dime thyl-N- 
phenaceturylcysteine §-tholactone (III) [1} (0.2 g i.e. 0.00065 mole) and the methyl ester of 3,3-dimethyl- 
cysteine (0.1 g, i.e. 0.00065 mole) was heated with 20 ml of absolute methanol until a solution was obtained. 
The solution was set aside at room ternperature overnight. Solvent was removed under reduced pressure, and 
the oily residue was rubbed out with ether, The precipitate formed was filtered off and washed with hot ethyl 
acetate, The product was 0,21 g of the methyl ester of (3,3-dimethyl- N-phenaceturylcysteinyl)-3, 3-dimethyl- 
cysteine, m.p. 192-200", The tripeptide (IV) is soluble in alcohol and ethyl] acetate, but insoluble in water, 
ether, and chloroform. In this tripeptide the thiol group can be detected only by the iodine reaction. 


Found %; C 53.33, H 6.47; $ 13.15; N 8.29 
Cz Calculated % C 53.84; H 6.41; S$ 13.67; N 8.91. 


(3,3- -Dimethy1- phenaceturylcysteinyl!) )-3, 3-dimethylcysteine, a) Hydrolysis of (IV) with NaOH. 
The methyl ester of (3,3-dime thyl-N-phenaceturylcysteiny1)-3,3-dimethylcysteine (0.25 g, i.e. 0.0005 mole) was 
dissolved in excess of alcoholic N NaOH, and the solution was set aside at room temperature ovemight. Solvert 
was removed under reduced pressure, and the residue was dissolved in water. The solution was acidified to Congo 
red with 2 N HCl, and an oil formed, which solidified when the mixture was placed in a refrigerator, The preci- 
pitate was filtered off, washed with water, and dried over phosphoric oxide in a vacuum desiccator, The product 
was 0,15 g (68%) of (3,3-dimethyl-N-phenaceturylcysteinyl)-3,3-dimethylcysteine, melting with decomposition 
at 199-203° (from a mixture of ethyl acetate and methanol). (3,3- peers." N-phenaceturylcysteinyl)-3,3- 
dimethylcysteine is readily soluble in water and ether, 


Found %: S$ 13.39; N 8.77 
Calculated $ 14.06; N 9.23 


b) 3,3-Dimethyl-N-phenaceturylcystcine B-thiolactone (1 g, i.e, 0.003 mole) was added to a solution of 0.5 
g (0.003 mole of 3,3-dimethylcysteine in aqueous sodium bicarbonate (0,003 mole), The mixture was heated at 30° 
until the thiolactone was dissolved, and was then set aside at room temperature overnight, On the next day the .ol- 
ution was extracted with ethyl acetate and acidified to Congo red with 25 %sulfuric acid, When the mixture was 
cooled, the precipitated oil solidified. It was filtered off, washed with water, and dried over phosphoric oxide in a 
vacuum desiccator. The product was 0.9 g (60%) of (3,3-dimethyl-N-phenaceturylcysteinyl)-3, 3-dimethylcysteine, 
m.p. 155-168°, raised by repeated recrystallizauons from dioxane and alcohol to B9-203°. In admixture with the 
product of the preceding experiment there was no depression in melting point, 


3-Methyl-2-(3-methyl-2- phenace turamidoc rotonamido)crotonic Acid (V). The methyl ester of (3,3 -di- 
methyl-N-phenaceturyleysteinyl)-3,3-dimethylcysteine (0.46 g, i.e. 0.001 mole) was heated for two hours at 


50-60° with 2. N NaOH. The solution was cooled, extracted with ether, and acidified to Congo red with 2 N HCl, 
The oily precipitate formed solidified after a ume and was filtered off, washed with water, and dried over phos- 
phoric oxide in a vacuum desiccator. The product was 0.25 g (65%) of 3-methy!-2-(3-methyl-2-phenaceturami- 
Jocrotonamido)crotonic acid, m.p. 193-196° (from ethanol), The acid (V) decolorizes a solution of bromine in 
chloroform, and it is readily soluble in alcohol and dioxane, poorly soluble in ethyl acetate and acetone, and in- 
soluble in ether and water, ee 


Found %: C 61.50, H 6.41; N 10.08 
C2otH2505N3- Calcul ated Ie: Cc 62.00; H 6.45; N 10.85 


(3,3-Dime thyl- N- phenaceturylc ysteinyl valine (VI). 3,3-Dimethyl-N-phenaceturylcysteine -thiolactone 
(0,15 g) was dissolved in warm alcohol, an aqueous solution of the .odium salt prepared from 0.66 g of valine was 
added, and the mixture was heated to 50°. On the next day the mixture was evaporated under reduced pressure 
to one-third bulk and was then acidified to Congo red with 2 N HCl. The precipitate formed was filtered off, 
washed with water, and dried, The product was 0.15 g of (3,3-dimethyl-N-phenaceturylcysteinyl valine, melting 
with decomposition at 178-184° (from absolute ethanol), 


Found %; C 56.85; H 6.93; S 7.36; N 10.1 
CapHagOsNgS. Calculated % C 56.73; H6.85; S 7.54; N 9.92 


{S$-(Isobutoxycarbonyl)-3, 3- dimethyl-N-phenaceturylcysteinyl]-3, 3-dimethylcysteire B-Thiolactone (VII). 
A solution of 0.2 g (0.0004 mole) of (3,3-dimethyl-N-phenaceturylcysteinyl)-3, 3-dimethylcysteine and 0.13 g 
(0.0012 mole) of triethylamine in dry chloroform was cooled to —10°*, and at this temperature a solution of 0.084 
g (0.0006 mole) of isobutyl chloroformate in dry chloroform was added. Five minutes after the ferric chloride 
teaction for thiol ceased to be obtained, the temperature was brought to that of the room, Solvent was removed 
under reduced pressure. the residue was rubbed out with ether, and the precipitate was filtered off, washed with 
water, and dried over phosphoric oxide in a vacuum desiccator. The product was 0.14 g of the thiolactone (VII), 
m p. 130-141", raised to 164-166" (with decomposition) by recrystallization from aqueous acetone. The thic - 


 dactone gradually decolorized iodine. After hydrolysis with alcoholic causuc alkali at room temperature, 2 


positive reaction for the thiol group was given. 


Found %: C 55.01; H 6.67; S 11.48; N 7.86 
CosHysOgNySp. Calculated %; C 55.86; H 6.70; $ 11.91; N 7.82 


Conversion of (3,3-Dime thyl-N -phenaceturylcysteiny])valine into the Anhydride (VII). A solution of 
0.43 g (0.001 mole) of (3,3-dimethyl-N-phenaceturylcyste myl)valine (VI) and 0.2 g (0.002 mole) of triethyl- 
amine in dry chloroform was cooled to — 10°, and at this temperature a solution of 0,28 g (0.002 mole) of 
isobutyl chloroformate in dry chloroform was added. After 10 minutes the temperature was brought to that 
of the room. Solvent was removed under reduced pressure and the residue was rubbed out withether. Tri- 
ethylamine hydrochloride was filtered off. The product was 0.25 g of the substance (VIII), melting with de- 
composition at 155-158°. The substance (VIII) is readily soluble in alcohol and dioxane, poorly soluble in 
ether, and insoluble in water, 


Found %: C 58.91; H 6.82; S 6.14; N 8.57 
CosHyQgN3S. Calculated %: C 59.40; H 6.93; S 6.33; N 8.31 


Methyl Ester of (S-( Isobutyox ycarbonyl)- 3, 3-dime thy 3-dimethy!- 
Cysteine (IX). A solution of 0.1 g (0.0002 mole) of the substance (VIII) and 0.04 g (0.00025 mole) of the 


| 


methyl ester of 3,3-dimethylcysteine was prepared in ethyl acetate as solvent and was set aside at room tempera- . 
ture overnight, The solution «as filtere 4, and was washed with 2 N HCl, with water,with sodium bicarbonate solu- 
tion, an] again with water, It was Uried over magnesium sulfate, and solvent was removed under reduced pres- 
sure. The residue was reprecipitated three times from ethyl acetate solution by meas of ether; it then melted 
_ with decomposition at 145-178°. The tetrapeptide (1X) 1s an amorphous substance, and auld not be crystallized 


The presence of the thiol group can be detected only by the iodine reaction; with ferric chloride the reaction is 
negative, 


Found % C 56.19; H 7.06; N 7.84 
Calculated C 55.63; H 7.18; N 8,38 


SUMMARY 


1, It was sho..n that N-acyl-3,3-dimethylcysteine 2 -thiolactones are active acylating agents, similar in 
properties to mixed anhydrides, By the acylation of amino acids with these $-thiolactones, various polyamides 
can be pre: sed, and these include compounds containing residues of mercapto amino acids 
new method for the synthesis of polypeptides has therefore been provided. 


. A fundamentally 


2. By the aid of the new method, di- and tri-peptides wer~ prepared, and these include both polypeptides 
derived entirely from mercapto amino acids and also mixed polypeptides, 
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ADDITION REACTIONS OF PERFLUOROOLEFINS 


COMMUNICATION 3, ADDITION OF SULFUR CHLORIDES 
I. L. Knunyants and A. V. Fokin 


It has been shown in previous communications [1, 2] that perfluoroolefins are peculiar chemically in their 
ability to undergo ready addition with nucleophilic reagents (alkoxides, thiols, amines, etc.), It was then suggested 
that the primary process determining addition to perfluoroolefins is the anionoid attack of the nucleophilic reagent 
resulting from electron deficiency in the ™-bond of the perfluoroolefin, The ™-bond of the tetrafluoroethylene 
molecule plays the part of an electron-acceptor in reactions with nucleophilic reagents, whereas in the usual olefins 


it acts as an electron-donor. The peculiar structure of the 7-bond of perfluoroolefins explains also the difficulty 
with which electrophilic reagents add to them. 


After many unsuccessful attempts, in 1950 we succeeded in bringing about the addition of sulfur chlorides 
to tetrafluoroethylene. It was found that this reaction, unlike that of the usual olefins with sulfur chlorides (which 
go readily in the cold), takes place only at high temperature and under pressure, When tetrafluoroethylene was 
heated with sulfur monochloride at 80-90° for 6-8 hours, only a low yield (rot more than 18-20%) of addition pro- 
ducts was obtained, Only when the mixture was heated at 100-120° for six hours was it found possible to attain a 
yield of about 80%, The product of the reaction of tetrafluoroethylene with sulfur monochloride was a complex 
mixture, consisting of mono-, di-, tri-, and poly-sulfides and various sulfenyl chlorides, By fractionation the 
following previously unknown compounds were isolated; 2-chloro-1,1,2,2-tetrafluoroethanesulfeny! chloride (1), 


bis(2-chloro-1, 1,2,2-tetrafluoroethyl) sulfide (IV), bi2-chloro~1, 1, 2,2-tetrafluoroethy] disulfide (V), and higher 
polysulfides (see table), 


The main reaction product was bi 2-chloro-1,1,2,2~tetrafluoroethyl) disulfide, Purification of this di- 
sulfide presented much difficulty, and even after many distillatiens it could not be freed from material contain- 
ing active chlorine. When the crude disulfide was boiled with cyclohexene, subsequent fractional distillation 
yielded the disulfide in a pure state, and it was shown that the impurity originally present in the disulfide was 1- 
chloro-2-(chlorodithio)- 1, 1, 2,2, -tetrafluoroethane (II), which reacts with cyclohexene with formation of the high- 
boiling 2-chlorocyclohexyl 2-chloro- 1,1, 2,2-tetrafluoroethy! disulfide (IX), readily separable from big 2-chloro- 
1,1,2,2-tetrafluoroethyl) disulfide by distillation. The latter compound, therefore, was obtained in the pure state, 
The structure of bis(2-chloro-1, 1,2,2-tetrafluoroethy])disulfide was proved by the chlorine cleavage reaction. This 
reaction, which proceeds with most aliphatic disulfides with evolution of heat, was here found to require unexpec- 
tedly severe conditions. Negative results were obtained when dry chlorine was passed for two hours at room tem- 
perature and when treatments were given in a sealed tube with sulfuryl chloride at 120-140° and with bromine at 


120°, It was found possible to effect the cleavage of the disulfide in quantitative yield by the action of chlorine 
at 80-90° (in an autoclave): 


CICF,CF,S— SCF,CF,Cl + Cl, —> 2CICF,CF,SCl, 


The reaction product was a clear, mobile liquid, b.p. 69.5°. Analysis for active chlorine, fluorine, and 
sulfur showed that the compound was 2-chloro-1, 1,2,2-tetrafluoroethanesulfenyl chloride. It liberated iodine _ 
from potassium iodide solution, and by treatment of an ethereal solution of the sulfenyl chloride with potassium 
iodide solution, a satisfactory yield of the original bis(2-chloro-1, 1, 2,2-tetrafluoroethyl) disulfide was obtained: 


2CICF,CF,SCl + 2HI—* CICF,CF,S— SCF,CF,Cl + 1, + 2HCL 


2-Chloro-1, 1, 2,2-tetrafluoroethanesulfenyl chloride reacted smoothly with diethylamine with formation of N,N- 
diethyl-2-chioro-1, 1, 2,2-tetrafluoroethanesulfenamide (III): 


CICF,CF,S—Cl + 2NH (C33, CICR,CF,S— NC;Hs) + 


It was found, however, that 2-chloro- 1, 1, 2, 2-tetrafluoroethanesulfeny! chloride is less reactive toward olefins 
than its hydrogen analog. At ordinary temperatures it adds neither to ethylene nor to cyclohexene. The sulfides 
formed with ethylene and with cyclohexene were obtained only when the reactants were heated in a sealed glass 


— 


cry 


+ 


tube, The products were 2-chlorvethyl 2-chloto-1,1,2,2- tetrafluoroethy! sulfide (vin and ee 2- 
chlorm- 1,2,2-tetrafluoroethyl sulfide (VIII), 


The addinon of sulfur dichloride to tetrafluoroethylene was carried out at 100-110°, and the yield of addi- 
tion products attained 80%, The products were the same as those of the reaction with sulfur monosulfide. The 
chlorine formed by the dissociation of sulfur dichloride reacted with tetrafluoroethylene and with the addition pro- 
cucts, and the reaction mixture was enriched in sulfenyl chlorides formed by the cleavage of di- and poly-sulfides, 
The amount of disulfide was therefore correspondingly reduced, and it was found to be possible to isolate 2-chloro~ — 
1, 1,2, 2-tetrafluoroe thanesulfeny! chloride and 1-chloro-2-(chlorodithio)-1, 1, 2,2-tetrafluoroethane in appreciable 
amounts. When the chlorodithio compound, which was isolated in the pure state, was heated with cyclohexene, it 
was converted in good yield into 2-chlorocyclohexyl 2-chloro-1, 1,2,2-tetrafluoroethyl disulfide, which was isolated 


previously from the products of the treatment of a reaction mixture with cyclohexene, The di- and tri-sulfides 
obtained were found to be stable substances, 


PERIMENTAL 
TABLE 


B.p. in °C 
(p in mm) 


1, Products of the Addition of 
Sulfur Monochloride to Tetrafluoro- 
ethylene, A mixture of 13.5 g of 


Sp. gr. at |Refractive 
‘index at 20° 


Formula 


CICF,CF,SC1 (1) 69.5° 1.605 1.3890 freshly distilled sulfur monochloride and 
CICF,CF,S~— SCl (Il) 126 1.674 1.4112 25 g of liquid tetrafluoroethylene was 
CICF,CF,S— N(C,Hs) (I) 66-67(60) {1.341 1.4850 prepared in a stainless steel cylinder, 
CICF,CF,SCF,CF,Cl (IV) 100-102 1.662/ 10°/1.368/ 10° which was hermetically sealed and then 
CICF,CF,S— SCF,C#,Cl (V) 139-140 1.685 1.3970 heated with constant agitation at 100- 
CICF,CF,S-S~SCF,CF,CIK(VI) | 50-5245) 1.707 1.4340 120° for six hours, Unchanged tetra- 
CICF,CF,— S~CH,CH,CK VII) 85 (100) 1.528 1.4218 fluoroethylene (1.5 liters) was driven 
CICF,CF> S~ CH~ CHC1 (VIII) 135-136 (60)}1.388 j1.4595 off, and 28 g of addition products was 


obtained, The reaction mixture — a 
clear, light-yellow liquid— was frac- 
tionated at ordinary pressure, and yielded- 


ch, 
H,~CH, 


(1X} 142 (20) 1.456 1.4915 FractionI, b.p. 6874° 2.8, 
Fraction Ill, b.p. 130-142°, 1.4g 

a | | The residue was fractionated at reduced 


pressure and yielded: 


Fraction IV, b.p, 50-52°(5 mm); 3g 
Fraction V, b.p. 96-938°(5 mm); 2g 


Redistillation of Fraction I yielded about 2 g “ 2 substance boiling at 69-70°. This was 2-chloro-1, 1,2,2- 
tetrafluoroethanesulfenyl chloride and had dy’ 1.604; nj} 1.3893; found MR 29.93; calculated MR 29.49. 


Found %: $ 15.44; F 34.22 
C,SF,Cl,. Calculated $ 15.80; F 34.70 


Il yielded a substance boiling at 100-102°, This was sul fide; 
dy 1.662; nf} 1.368; found MR 40.06; calculated MR 39.16. 


Found %: $ 11.02; Cl 22.75; F 47.55 
C,F,Cl,S. Calculated %: S$ 11.50; Cl 23.40; F 49.90 


Fraction ill was purified by heating it with cyclohexene and then distilling at ordinary pressure, when bis2- 
_chloro-1,1,2, S-eeeetenney disulfide was isolated in 35% yield (11.7 g). It is a colorless, mobile liquid, b. p. 
139-140°; 1.685; 1.3970; found MR 47.60; calculated MR 46.85. 


‘Found %; § 18.72; F 45.37; Cl 21.17 
C,S,F,Cl,. Calculated % S 19,10; F 45.45; Cl 21.22 
Found M 332.6 (cryoscopically) 
Calculated M 335 


1 

is 
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Vacuum distillation of Fraction IV yielded bis(2-chloro-1, 1,2,2-tetrafluoroethy!) trisulfide, a colorless oily 
liquid, b.p. 50- 52° (5mm); d° 1,707; ny 1,4340; found MR 55.60; calculated MR 54.52, 


$25.84; Cl 19.94; F 41.42 
C,SsFgCle. Calculated % $ 26.16; Cl 19,34; F 41.25 


The fractions of still higher boiling point were not investigated, 


2. 2-Chloro-1, 1,2,2-tetrafluoroethanesulfenyl Chloride, A mixture of 12 g of bix2-chloro-1,1,2,2-tetraflu- 
oroethyl) disulfide and 5 g of dry liquid chlorine was prepared in a stainless steel cylinder, which was hermetically 
sealed and heated with agitation at 95-100° for two hours, The residue after removal of excess of chlorine was 15 g 
of a light-yellow liquid, which had the characteristic odor of sulfenyl chlorides, Fractionation yielded 13 g of a 
substance boiling at 69.5°, This was 2-chloro-1, 1,2,2-tetrafluorocthanesulfenyl chloride, obtained in 89% yield, 


It is a light-yellow mobile liquid, for which di’ 1.605; np 1,3890; found MR 30,04; calculated MR 29.49, 


Found %; § 15.82; Cl 34.80; F 37.11 
C,SF,Cl;. Calculated %, § 15.80; Cl 34.70; F 37.42 


3. 2-Chloroethyl 2-Chloro- 1, 1,2,2-tetrafluoroethyl Sulfide. A solution of 25 g of 2-chloro-1,1,2,2-tetra- 
fluoroethanesulfeny] chloride in 46 g of carbon tetrachloride was introduced into a 250-ml stainless steel autoclave, 
which was then filled with ethylene from a cylinder until the pressure attained 35 atm, The autoclave was heated 
with continuous rotation for three hours at 25- 100°, and the pressure in the autoclave fell to 19 atm, Excess of 
ethylene was removed from the reaction mixture, and the solvent was distilled off, The liquid residue (9 g) was 
vacuum-fractionated, and it yielded a main fraction boiling at 82-86°(100 mm). Redistillation yielded pure 2- 
chloroethy]-2-chloro-1, 1,2,2-tetrafluoroethyl sulfide, a clear colorless oil liquid of characteristic odor and hav- 
ing b. p. 85°(100 mm); dq” 1.528; nj} 1.4218; found MR 38.39; calculated MR 38.72. 


Found %: $13.14; Cl 29.35; F 32.32 
CyHF,Cl,S. Calculated $ 13,85; Cl 30,73; F 32.90 


4. 2-Chlorocyclohexyl 2-Chloro- 1,1,2,2-tetrafluoroethyl Sulfide, A mixture of 3 g of 2-chloro-1,1,2,2- 
tetrafluoroethanesulfenyl chloride and 4 g of cyclohexene was sealed in a tube, which was then heated in a water 
bath for one hour at 60-80°, Excess of cyclohexene was distilled off, and the residue (about 4.5 g) was vacuum- 
fractionated, The main fraction was collected at 135-136° (60 min). Redistallation under vacuum yielded pure 
2-chlorocyclohexyl 2-chloro-1, 2, 2,2-tetrafluoroethy! sulfide, a clei colorless oily liquid having b.p. 135°(60 mm); 
d(°1.388; np 1.4595; found MR 56.15; calculated MR 55.00. 


Found %: $11.55; C1 24.52; F 28.15 
Calculated %, $ 11.23, C1 24.91; F 26.66 


5._2-Chlorocyclohexyl 2-Chloro-1,1.2,2-tetrafluoroethyl Disulfide. The residue that remained after the 
distillauon at ordinary pressure of the oil obtained by the treatment of crude bi 2-chioro-1, 1,2, 2-tetrafluoroethyl) 
disulfide with cyclohexene (Experiment 1) was vacuum- distilled and yielded a substance boiling at 142°(20 mm). 
This was 2-chlorocyclohexyl 2-chloro-1, 1, 2,2~tetrafluoroethy! disulfid2, having °1.456 and nfy 1.4915. 


Found 20,04; Cl 21.25; F 24,53 
Calculated %: $29.40; Cl 22.40; F 23.96 


A mixture of this disulfide (4.6 g) and dry liquid chlorine (3 g) was prepared in a 30-ml steel cylinder, which 
was hermetically sealed and heated at 100° for two hours, The residue remaining after removal of excess of chlor- 
ine was about 6 g of a liquid having an odor of sulfenyl chlorides, Fractionation yielded 3 g of a substance boil- 


ing at 69-70°, It was a clear mobile light-yellow liquid having d{° 1.605 and np) 1.3899 (2-chloro-1,1,2,2- 
tetrafluoroethanesulfenyl chloride), 


Found %, $ 15.38; Cl 34.33; .F 36.85 
C,SF,Cl,. Calculated % S 15.80; Cl 34.70; F 37.42 


6. Products of the Addition of Sulfur Dichloride to Tetrafluoroethylene. A mixture of 10.3 g of freshly pre- 
pared sulfur dichloride and 24 g of liquid tetrafluoroethylene was prepared in a 100-ml stainless steel cylinder, which 
was hermetically sealed and heated at 100-11C° for five hours. The cylinder was cooled, and the excess of tetra- 
fluoroethylene was driven off (0,8 liter). The weight of the liquid residue was 25.5 g. Fractionation yielded; 


Wee 


— 

| 
| 

— 
| 


ui 


Fraction B.p. 66-75°; 62 
Fraction 120 128°; 8.5 g 
Erection 1°6-142°; 3g 
The residue remaining undistilled at ordinary pressure was 4.5 g. 


Redistillation of Fraction I yielded 2-chloro~1, 1,2, 2- tetrafluoroethanesulfenyl chloride, b.p. 69-70°; a 
1.681; nj} 1.3955. 


Fraction II yielded 1-chloro-2-(chlorodithio)- 1, 1,2,2-tetrafluoroethane, a mobile orange liquid having b.p. 
126°; 1.674; ni} 1.4112, 
Found %: S$ 27.38; C1 30.82; F 33.11 


Calculated 227.20; Cl 30.25; F 32.35 


7. Addition of Cyclohexene to _1-Chloro- 2-(chlorodithio)- 1,1,2,2-tetrafluoroethane, A mixture of 8 g of 1- 
chloro-2-(chlorod:thio)- 1,1,2,2-tetrafluoroethane and 4 g of cyclohexene was sealed in a glass tube, which was 


then heated at 60° for two hours. Fractionation of the reaction mixture yielded a substance having b.p. 136-137° 
(18 mm), 1.458, and 1.4912 (2-chlorocyclohexyl 2-chloro~1, 1,2,2-tetrafluoroethyl disulfide), 


Found %, 20.83; Cl 20.10; F 23,22 
Calculated %, 20.19; Cl 22.40; F 23.96 


> 


8. Bis(2-chloro- 1, 1,2,2-tetrafluoroethyl) Disulfide, A solution of 12 g of 2-chloro-1,1,2,2-tetafluoroethane~ 
sulfenyl chloride in 100 ml of ether was introduced into a 250-ml separating funnel, and 10% potassium iodide 
solution was added gradually, the reaction mixture being carefully shaken after each addition, The ether layer 

was separated, washed with thiosulfate solution. and dried with calcined magnesium sulfate, After removal of 
ether, the residue was fractionated at ordinary pressure, The main fraction boiled at 133-144", Redistillation 
yielded a substance boiling at 140-141° 4.5 g), which corresponded in physical properties to bis(2-chloro- 1, 1,2, 2- 


tetrafluoroethyl) disulfide, It had dq’ 1,685 and nj} 1.3965, 


Found 19,87 
C4F,Cl,S,. Calculated % 19.10 


3 


we 


fluoroethanesulfenyl chloride in 50 ml of dry ether was introduced into a 100-ml round-bottomed flask fitted with 
a stirrer. The solution was constantly stirred and cooled while a solution of 4 g of diethylamine in dry ether was 
added in small portions, Reaction was accompanied by the evolution of much heat, The solution was separated 
from the precip:tate of diethylamine hydrochloride, and ether was then distilled off. Vacuum fractionation yield- 
e¢ a main fraction boiling at 64-69° (60 mm), and redistillation gave pure N,N-diethyl-2-chloro~1, 1,2,2- tetra- 
fluoroethanesulfenamide, b.p. 66-67° (60 imm), a? 1.341 and ny 1,4850, 


Fourd %; S$ 12.94; N 6.21; F 32.54 
CgHyF,CISN. Calculated % S$ 13.20; N 5.86; F 31.75 


SUMMARY 


1, Reaction of sulfur chlorides with tetrafluoroethylene yielded bi¢2-chloro-1,1,2,2-tetrafluorvethyl) disul- 
fide, 2-~chlore-1,1,2,2-tetrafluoroethanesulfenyl chloride, and 1-chloro-2-(chlorodithio)- 1, 1,2, 2-tetrafluoroethane. 
When treated with chlorine, bis(2-chloro-1,1,2,2-tetrafluoroethyl) disulfide was converted into 2-chloro-1, 1, 2, 2-- 
tetrafluoroethanesulfenyl chloride. 


2. Unlike its hydrogen analog, 2-chloro- 1, 1,2,2~tetrafluoroethanesulfenyl chloride adds to olefins only un- 


der severe conditions, By the reaction of this sulfenyl chloride with ethylene and with cyclohexene, the correspond- 
ing sulfides were prepared. 
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DEARYLATION OF ArgPbX, AS A METHOD OF SYNTHESIZING 
A NEW CLASS OF COMPOUNDS ArPbx, 


K. A. Kocheshkov and E. M. Panov 


Of the existing three classes of organolead compounds R;PbX, R,PbX;, and RPbX, (X is an acid residue and 
R an aliphatic or aromatic radical) the first two have been studied for a long time. Prior to our investigations 
(1, 2] no compounds of the last type containing aromatic radicals were known, and although compounds of for- 


mula RPbX; containing aliphatic radicals have been described, the available data on these is, for various reasons 
(see below), in need of verification, ; 


In approaching the problem of synthesizing ArPbX, we may make use of analogies to other organometallic 
compounds of Group IV of the periodic system, taking irto account, however, the peculiarities of lead. For ex- 
ample, the action of unstable lead tetrachloride on a diarylmercury would actually amount to the action of free 
chlorine, and not to an arylation reaction as in the case of germanium tetrachloride. When, however, in the re- 


action with diphenylmercury the lead tetrachloride is replaced by the fairly stable tetraacetate, the introduction 
of two aromatic radicals occurs: 


2(CgHs,Hg + OCCCHs), + 2CgHsHgOOCCHs. 


By this method Kocheshkov and Nad [3] prepared «rganolead compounds of the class Ar,PbX, (X is the resi- 


due of an organic acid) having substituents in the aromatic nucleus, but they did not observe the formation of. 
ArPb (OOCCHs)s. 


Austin following analogies from organomercury attempted to prepare 
by the pyrolysis of lead tetrabenzoate; 
y te 


130 


+ CgHsCOOH 


C,Hs-C 


Methods. based on disproportionation reactions in reverse have been applied successfully to aromatic tin 
compounds, It was by such a method that Kocheshkov [5] prepared members of the simplest class of organotin 
compounds ArSnX; for the first time. However, the application of this method in organolead chemistry does 


not result in the synthesis of ArPbXs. When diphenyllead diisobutyrate is treated with lead tetraisobutyrate, the 
latter is reduced to lead diisobutyrate, 


Again, according to Meyer [6] compounds of the type RSnXy can be prepared by the reaction : 
SnO,HK + —>CH;SnOOH + KI 


and Druce [7], following this analogy, attempted to prepare compounds of the type RPbXs;, but the process went 
in a different fashion; 


2KI + PbO,KH + H,O--*3KOH + 


Lesbre (8}, unlike Druce, found that Meyer's reaction could be applied to lead compounds and that in this 
way aliphatic compounds of the type RPbX; (X is a halogen) could be prepared, 


However, in 1948 Calingaert and coworkers (9) repeated Lesbre's experiments and were unable to reproduce 
his results, It is doubtful whether the use by Lesbre of boiling concentrated hydrochloric acid in the synthesis 
would allow the compound RPbX; to remain undecomposed; it has been pointed out by several authors (10, 11) 
that such compounds are probably unstable to mineral acids. It is remarkable also that the compounds described 
by Lesbre were yellow, whereas all the compounds of the class ArPb(OOC-R), that we have prepared are quite 
colorless (which is fully in accord with the well known lack of color in organic derivatives of quadrivalent lead). 


Hence, after a critical examination of the data cited above, we considered it desirable to apply the reac- 
tion of dearylation with the aid of metal salts, In 1934, in a study of the action of mercuric chloride on various 


ui 


organometallic compounds, including ArPb, we noted that the reaction is arrested at the stage of elimination of 
two aromatic radicals, ‘There are no signs that the reaction can be arrested at the stage of formation of CgH,- 
PbCl,” [12]. This behavior was determined by the fact that the starting substance was diphenyllead dichloride, 
which is almost insoluble in organic solvents, and also by the fact that we were attempting to obtain ArPbX; 
compounds that were genetically associated with unstable lead tetrachloride, It was therefore necessary to re- 


place halogen by an organic acid residue and, as experiment showed, to use mild conditions (room temperature; 
all of the starting substances in solution), 


It was indeed found that, when a solution of a bivalent mercury salt in an organic acid was added to an 
organolead compound, also dissolved in an organic acid, the smooth elimination of one, two, three, or four 
radicals occurs, the number depending on the number of molecular proportions of mercury salt taken: 


a) (CeHs), Pb + PLOOCR + CgHsHgOOCR; 
b) (CgHs)sP DOOCR + PO.OOCR), + CsHsHgOOCR; 
+ OOCR),—> CyHg P(OOCR)s + CeHsHgOOCR; 
d) + Hg OOCR),—> Pb(OOCR), + CgHsHgOOC R. 


Our main concern was with the reaction of Equation (c) (the products obtained in (a) and (b) could be ob- 
tained in other ways). 


It was shown by agreeing duplicate analyses thet the products were pure and corresponded in composition 
to ArPbX3. This structure was further confirmed by 


a) determining the number of acid groups (three): 
CgHsPXOOCR), + 3KOH—>C,H,PbOOH + 3RCOOK + H,0; 


b) eliminating the last (fourth) phenyl! group by treatment with one molecular proportion of mercury salt, 
which resulted in the formation of crystalline lead tetraisobutyrate: 


+ OOCCH(CH; h>Pb[OOCCH(CH; ) + CgHsHgOOCCH (CH; 


c) converting phenyllead triisobutyrate into phenyllead tribenzoate by a reaction in which exchange of 
acid residues occurred: 


CgH_Pb [OOCCH(CHy); + (OOCC,Hs )y + CHCOOH; 


d) converting phenyllead triisobutyrate by hydrolysis into benzeneplumbonic acid, and hence into phen- 
yliead triacetate: 


NH,OH 3CH,COOH 
[OOCCH(CH, de C;H;PbOOH C3HsPb (OOCCH; )3. 
H,O 


EXPERIMENTAL 


Phenyllead Triacitate 


Mercuric acetate (1,92 g = one molecular proportion) was warmed with 40 ml of glacial acetic acid, and 
the resulting solution was cooled to room temperature. Diphenyllead diacetate (3) (2.88 g = one molecular pro- 
portion) was then added; it rapidly went into solution. As reaction proceeded the amount of mercuric acetate 
present diminished, the change being followed by the following well known qualitative reaction: a drop of the 
solution was applied to a polished copper plate, and after a few seconds a dark spot appeared which became light- 
er when rubbed; from the intensity of the spot it was possible to get a rough idea of the concentration of unchang- 
ed mercury salt. After one day, when reaction was almost complete, 1,28 ml of alcoholic 4.7 N HCl (one mole- 
cular proportion) was added dropwise from a microburet in order to convert the phenylmercury acetate formed in- 
to phenylmercury chloride. The precipitate was filtered off and washed with alcohol. Its melting point was 253°, 
raised by crystallization from xylene to 258°, which corresponds to phenylmercury chloride; the yield was 1.6 g 
(80%). The filtrate was left in a vacuum desiccator over caustic potash until the acetic acid had evaporated away, 
The solid residue (3.63 g) was dissolved in 15 ml of hot dry freshly distilled ethy] acetate, and the solution was 
filtered. The filwate was cooled in a mixture of sait and ice, and the crystals that separated were filtered off 


under suction and washed with hexane. The yield of phenyllead triacetate, m.p. 101-102*, was 2,19 g (79%). 


The product (1 g) was recrystallized from 6 ml of hot ethyl acetate and the crystals were washed with 
hexane and with ether, vacuum-dried for five minutes at 61° (jacket of chloroform vapor), and then exposed 
to a vacuum for a further 30 minutes at room temperature, They were then ground in a mortar and again sub- 
jected to the same drying procedure, The melting point of the product (0.5 g) was unchanged at 101-102°, 
Found % Pb 45.93; 45.17 
Calculated %, Pb 44,92 


Determination of the Number of Acztate Groups, A weighed amount (0.0649 g) of the substance was dis- 
solved in alcohol and an excess of 0.1 N NaOH was added. Water was then added, and the excess of caustic soda 
was determined by titration with 0.1 N H;SQ,. The volume of the caustic soda consumed in reaction with organ- 


olead compounds was found to be 4.45 ml (each acetate group corresponded to 1.41 ml of 0,1 N NaOH, and three 
acetate groups corresponded to 4,23 ml). 


Phenyllead triacetate forms a loose mass of white needles resembling cotton wool. It is readily soluble 
in the cold in methanol, ethanol, chloroform, and acetic acid; it is moderately soluble in the cold in ethyl 


acetate and benzene, but dissolves readily when warmed with these solvents; it is of poor solubility in ether, 
and it does not dissolve in hexane even when heated, 


* 


Phenyllead Triisobutyrate 


I. Yellow mercury oxide (2.16 g = one molecular proportion) was warmed with 9 ml of isobutyric acid, 
and the warm solution formed was cleared from slight turbidity by filtration, The filtrate was warmed with 5.32 
g (one molecular proportion) of diphenyllead diisobutyrate [1], and the resulting solution was left in a dish.over 
caustic alkali in a vacuum desiccator, After five days the precipitated crystals were filtered off and washed with 
cold hexane. The substance was dried in a vacuum for five minutes at 61° (jacket of chloroform vapor), and 
then exposed to a vacuum for not less than 30 minutes at room temperature. The yield of phenyllead t.iisobuty- 
rate, m.p. 76.5-77,5°, was 2.5 g. The mother liquor was left in a vacuum desiccator, and a further 0.21 g of 
material of the same melting point was isolated, The total yield of phenyllead triisobutyrate was 2.71 g (48.8%). 
A portion (0.5 g) was recrystallized, with careful heating, from 3 ml of dry hexane. Well formed crystals separa- 


ted and were washed with hexane and dried (0.4 g, m.p. 77-78°). A further recrystallization from hexane did 
not affect the melting point. 


Found %; Pb 28.04; 37.85 
CigH,g0;Pb. Calculated %; Pb 37.99 


The substance can be crystallized also from alcohol, but when the product is melted in a capillary a tur- 
bid melt is obtained, 


Il. Yellow mercuric oxide (2.16 g = one molecular pioportion)was dissolved in 20 ml of isobutyric acid, 
and 5.32 g(one molecular proportion) of diphenyllead diisobutyrate was added; it dissolved readily. The reac- 
tion mixture was left for 12 days at room temperature, Phenylmercury chloride was separated as described above, 
and two thirds of the total amount of isobutyric acid was distilled from the filtrate at 2 mm and not above 40° 
(water bath), In the further treatment one of the following procedures was adopted. 1) The residue was trans- 
ferred to a dish and left over caustic alkali in a vacuum desiccator, After eight days the precipitate formed | 
was filtered off, washed with hexane, and dried as described above. The yield was 2.75 g (50.5%); m.p. 77-78". 
2) The residue was cooled in a mixture of ice and salt. The crystals that separated were filtered off and washed 
with hexane, The mother liquor was diluted with an equal volume of hexane and again cooled, The yield was 
somewhat lower with this procedure, Phenyllead triisobutyrate is a white crystalline substance, readily soluble 


in the cold in alcohol, acetone, chloroform, and benzene, and moderately soluble in the cold in hexane (read- 
ily soluble hot). 


Phenyllead Tribenzoate 


Phenyllead triisobutyrate (0.55 g = one molecular proportion) was added to a hot solution of 0.44 g (one 
molecular proportion + 20% excess) of benzoic acid in 8 ml of hexane. The solution was heated to the boil and 
set aside to crystallize. On the next day the precipitate formed was filtered off and washed successively with 


hot hexane, alcohol, and ether. The precipitate (0.4 g) was recrystallized from 1.5 ml of dry benzene, washed 
with hexane, and dried in a vacuum at 61° ( 


jacket of chloroform vapor), The yield was 0.27 g (41.5%); m.p. 
149.5-151°. 


—_— 


Found Pb 32.08; 32,07 
Calculated % Pb 32.01. 


Phenyllead tribenzoate is a white crystalline substance, readily soluble in the cold in chloroform, ethyl acetate, 


and benzene. In alcohol it is moderately soluble cold, but readily soluble hot, It is eee 5 in ligroin and 
hexane. 


Benzeneplumbonic Acid 


A solution of 0.27 g of phenyllead triisobutyrate in 5 ml of absolute alcohol was added dropwise under 
vigorous stirring to 6 ml of 5% ammonia. Reaction proceeded without appreciable rise in temperature. A 
yellowish amorphous precipitate appeared immediately. When the addition was complete, stirring was contin- 
ued for three hours, and the reaction mixture was then set aside overnight. The precipitate was filtered off, 
carefully washed with water, with alcohol, and with ether, and then dried in a vacuum at 100° for one hour, The 


product was carefully ground and then further subjected to the same drying treatment for 80 minutes, The yield 
was 9.15 g (88.5%). 


Benzeneplumbonic acid is a yellowish amorphous substance. It bums with a flash and a smoky flame, form- 
ing the yellow incrustation of lead oxides that is characteristic for organolead compounds. It is readily soluble 


in the cold in dilute hydrochloric acid, and it dissolves with difficulty in excess of concentrated (40-50%) caus- 
tic soda, 


Found %: Pb 64.99; 65.58 
C,H1;0,Pb. Calculated % Pb 65.31 


When dried as indicated above, benzeneplumbonic acid reacts gently with concentrated sulfuric acid 
(the first stage of analysis). When benzeneplumbonic acid that has not been dried sufficiently is mixed with 
sulfuric acid, it bursts into flame, and great care must therefore be taken in the early stages of mixing: a 
few drops of acid tnat has been cooled with ice and salt should first be added cautiously. When benzeneplum- 
bonic acid is dried for a longer time, anhydride formation occurs. For example, after being dried under the 


same conditions for six hours, the material contains 66.47% of lead (the calculated amount for CgHsPbO-O- 
*PbOC,Hg is 57.22%). 


Benzeneplumbonic acid is readily soluble beth in mineral and in organic acids. Benzeneplumbonic acid 
(0.2 g) was ground in the cold with 0.34 g (a two-fold excess) of isobutyric acid, and the solution obtained was 
left over caustic alkali in a vacuum desiccator. On the next day a small crystal of phenyllead triisobutyrate 
was added, and the reaction mixture solidified completely, The crystals were recrystallized from hexane and 
then melted at 77-78*, Phenyllead triisobutyrate obtained by the arylation of diphenyllead diisobutyrate melt- 
ed at 77-78", The melting point of a mixture of these preparations was not depressed, 


Conversion of Phenyllead Triacetate into Phenyllead Triisobutyrate via Benzene- 


plumbonic Acid 


A solution of 2 g of phenyllead triacetate in 30 ml of absolute alcohol was added dropwise with mechan- 
ical stirring to 50 ml of 5% ammonia. When addition was complete, the mixture was stirred for three hours and 
then set aside overnight. The precipitate formed was filtered off, washed successively with water, alcohol, and 
ether, and dried for one hour in a vacuum at 100°, The precipitate was ground in a mortar and then dried for one 
hour further under the same conditions, The yield was 0.9 g (66%). 


A portion of the freshly prepared benzeneplumbonic acid (0.25 g = one molecular proportion) was ground 
with 0.24 g (3 molecular proportions + 15% excess) of isobutyric acid, The reaction mixture was diluted with 
benzene and filtered, The filtrate was transferredto a vacuum desiccator containing caustic alkali and paraffin 
wax (to remove solvents). The residue was a thick oil that crystallized out completely when a small crystal of 
phenyllead triisobutyrate was introduced. After one or two crystallizations from hexane, the substance melted 


at 77-78°. The previously prepared phenyllead triisobutyrate melted at 77-78°, and the melting point of a mix- 
ture of the two preparations was not depressed, 


Some Properties of Phenyllead Triacetate and Triisobutyrate 


When chloroform solutions of iodine and of either of these substances were mixed at room temperature, 
there was no decolorization and no decolorization occured when the mixture was boiled for some time. When 


/ 
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the solution was left overnight, the color became weaker and a precipitate of lead iodide appeared, but even after 
24 hours the solution still retained a definite feeble violet color, When phenyllead triacetate or wiisobutyrate was 
boiled with water, hydrolysis occurred; the original crystalline material became amorphous, and the odor of the 
free organic acid appeared. At room temperature hydrolysis was slow. When the substance was left in the air for 
5-6 days, its melting point became low and indefinite. The hydrolysis products (probably basic salts, which we 
have not yet investigated closely) readily passed into solution when 15-20% caustic alkali was added, and they 
also dissolved when acid was added; they did not dissolve in sodium carbonate solution, cold or hot, When phenyl- 
lead triacetate or triisobutyrate was hydrolyzed in the cold with 5% ammonia, the resulting freshly precipitated ben- 


zeneplumbonic acid dissolved smoothyl ir 15-20% caustic alkali~ behavior that contrasts with that of the dried 
acid (see above), which dissolves with difficulty. 


Dearylation of Phenyllead Triisobutyrate with the Aid of Mercuric Isobutyrate 


Phenyllead triisobutyrate (0.55 g = one molecular proportion) was warmed with 1,2 ml of isobutyric acid, 
and the resulting solution was mixed with a solution of 0.217 g (one molecular proportion) of yellow mercuric 
oxide in 0.8 ml of isobutyric acid. Reaction was slow, and the copper test for mercuric fsobutyrate was positive; 
when water was added to a drop of the solution, no lead dioxide separated (absence of lead tetraisobutyrate in the 
mixture). After four days the test for the presence of mercuric ions was still positive, but a brown turbidity due to 
lead dioxide now formed when a drop of the reaction mixture was mixed with water, Well formed crysta!s grad - 
ually formed on the bottom of the flask. A’‘er ten days the reaction mixture was cooled with ice, and the pre- 
cipitate was filtered off and washed with he»«ne, The yield was 0.2 g (36%); m.p. 114°. The melting point of 
lead tetraisobutyrate is 114° (see below), and a mixture with known lead tetraisobutyrate showed no melting point 
depression. The substance decomposed in the air, and it gave a brown precipitate of lead dioxide with water, - 
Even after it had stood for ten days, the mother liquor still contained some mercuric isobutyrate, 


Lead Tetraisobutyrate 


A mixture of 17.6 g (one molecular proportion) of lead tetraacetate and 70 g (20 molecular proportions — 
five times the theoretical amount) of isobutyric acid was heated in a water bath in a round-bottomed flask carry- 
ing a column and arranged for vacuum distillation. The pressure was 12-15 mm, and the temperature of the bath. 
was raised gradually to 70°, The reaction was carried out both without passage of air through the capillary leak, 
and also with passage of air, which, in order to avoid hydrolysis, had been first passed though a Tishchenko bottle 
containing sulfuric acid, The acetic acid and part of the isobutyric acid distilled over slowly, about 36 ml (half 
of the total volume of reaction mixture) being collected. Well formed crystals of lead tetraisobutyrate separated 
from the residue, when cool, These were filtered off through a funnel carrying a sintered-glass filter and protec- 
ted from atmospheric moisture, They were washed with a little isobutyric acid, and isobutyric acid was removed 


with pewoleum ether. The yield of lead tetraisobutyrate was 1$ g (85.5%); it melted at 113-114° (Colson [13] 
gives 109°), : 


After being washed with petroleum ether, the substance was sufficiently pure and did not require recrystalliza- 
tion. However, when too much isobutyric acid was distilled off, the lead tetraisobutyrate obtained had a low melt- 
ing point, and it had to be recrystallized from petroleum ether with the addition of a few drops of isobutyric acid 
(1 g of lead tetraisobutyrate was heated with 4 mi of petroleum ether). 


Found Pb 36.92 
Calculated Pb 37.32 


Lead tetraisobutyrate forms white crystals, and it is readily soluble in the cold in chloroform, dichloroethane, 
carbon tetrachloride, benzene, toluene, and xylene, but less soluble in isobutyric acid. It dissolves poorly in the 
cold, but readily when heated in petroleum ether and hexane; it is decomposed by water and by alcohol, 


SUMMARY 


1. By the dearylation of organolead compounds of formula Ar,PbX,, members of a new class of compounds, 
ArPbX;. have been prepared for the first time (Ar is an aromatic radical, and X is the residue of an organic acid). 


2. The properties and mutual transformations of phenyllead triacetate, phenyllead triisobutyrate, phenyl- 
lead tribenzoate, and benzeneplumbonic acid are described. 
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COMPOUNDS OF THE CLASSES Ar,gPbXz AND ArPbX3 IN THE p-TOLYL SERIES 


K. A. Kocheshkov and E. M. Panov 


In the course of work on p-tolyl members of the new class of compounds ArPbX; (Ar is an aromatic radical 
and X is the residue of an organic acid) which we have discovered (1) 


(p- + Hg(OOCCHs p- + 
+ p- CHCgH,HgOOCCH, 
we encountered difficulties associated with the synthesis of the starting substance Ar,PbX;. 


It is stated in the literature [2] that di-p-tolyllead diacetate (or diformate) is formed by the action of the 
hot organic acid on tetra-p-tolyllead. It is known, however, that for phenyl homologs, compounds of the class 
ArgPb can be obtained only by the further arylation of Ar,Pb {3}: ; 

Bry ArMgxX 
Ar;Pb-——> ArsPbBr AmPb. 


It would obviously be irrational for our purpose to make use of this reaction and combine it with subsequent 


2limination of two aryl groups. We therefore investigated several possible methods for the direct conversion of 
ArsPb into Ar,PbX9. 


1, The direct action of organic acids at 120-140° on wi-p-tolyllead (which probably underwent dispropor- 
tionation 4Ar3Pb = 3A1,Pb + Pb) gave only low yields, 


2. Synthesis in accordance with the s heme ( Re 

NaOH CH,COO 

> (p-CH3CgH,)2 PbO has no advantage over the previous method since 


the preparations of meno- and di-halides required separate stages. Moreover, the dihalides are of low solubility in 
organic solvents, and their conversion into the corresponding oxides is difficult. 


3. We found that the most expedient method was as follows: 
p-CH3CgH4) sPb + Pb NO, + NO + 2H,0; 
(p-CH3CgH,) 3PbNO, + (p-CHyC,H,), + CHyCeHs; 

(p-CH;C,H,)2 Pb(NO;), + 2KOH-* (p-CH;C,H,)2 PbO + 2KNOy + H,O; 
(p-CH3C,H,)2 PbO + 2RCOOH—> (p-CHsC,H,), Pb(OOCR), + H,0. 


Unlike the comesponding dihalide, di-p-tolyllead dinitrate is soluble in hot alcohol and is readily converted 
by alcoholic caustic potash into the corresponding oxide, and then further into the salt Ar,PbX . 


In this way di-p-tolyllead diacetate (in 64% yield) and di- p-tolyllead diisobutyrate (in 48% yield) were pre- 


pared, and these substances were then applied in the preparation 2f p-tolyllead triacetate and p-tolyllead trimetha- 
crylate. 


EXPERIMENTAL 
Di ~p-tolyllead Diacetate 


With constant shaking and over a period of 20-25 minutes 7.5 g (one molecular proportion) of tri-p-tolyllead 
[41 was added in small portions of 75 ml of concentrated nitric acid heated to the boiling point. Reaction was very 
vigorous --each fresh portion of tri-p-tolyllead caused foaming of the mixture with evolution of brown oxides of 
nitrogen. The nitric acid turned yellow, and precipitate of di-p-tolyllead dinitrate formed on the bottom of the 
flask. When the whole of the tri-p-tolyllead had been added, heating was continued for a few minutes, and the 
reaction mixture was then cooled, The di-p-tolyllead dinitrate was filtered off and washed with water. 


This crude di-p-tolyllead dinitrate was heated with 80 ml of alcohol, and the solution so obtained was 
brought to the boil. A solution of 2.2 g (two molecular proportions + 20% excess) of caustic potash in 25 ml of 
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ethanol was then added, and a yellowish precipitate formed, which was filtered off and washed successively with 
alcohol and ether. The product was 5.25 g of di-p-tolyllead oxide. : 


The unpunfied di-p-tolyllead oxide (3,2 g) was mixed with 3 ml of glacial acetic acid (heat was evolved). 
In order to obtain more complete solution the mixture was warmed cautiously, but some undissolved material still 
remained, Ethyl acetate (15 ml) was added, and the mixture was heated to the boil and then filtered. The filtrate 
was cooled in a mixture of ice and salt, and 3.08 g (64% on the amount of tri-p-tolyllead taken) of di-p-tolyllead 
diacetate, m.p. 209-210°, was obtained, The substance was sufficiently pure: a further crystallization from ethyl 
acetate did not affect the melting point. 


Foind %; Pb 40.29; 40.67 
9O,Pb. Calculated Nor Pb 40.84 


Di-p-tolyllead diacetate is a white crystalline substance, m.p. 209-210° (Polis [2] gives 195°). It is extremely 
soluble in the cold in chloroform and acetic acid, and it is very soluble in ethanol and methanol. It is moderately 
soluble in the cold in benzene, acetone, and ethyl acetate, but is readily soluble at a higher temperature, It is of 
very poor solubility in hexane and ether, even when hot, 


Di-p-tolyllead Diisobutyrate 


1. A mixture of 1.2 g (one molecular proportion) of tri-p-tolyllead and 2.2 g (10 molecular proportions) of 
isobutyric acid was heated at 120-140° for one hour. The resulting solution (better after dilution with an equal amount 
of hexane) after cooling yielded well formed crystals (0.41 g) melting at 198-202°, Recrystallization from benzene 
raised the melting point to 202-203" (yield 0.3 g). A second crystallization from benzene did not affect the melting 
point, 


Found %: Pb 36.96; 36.90 
Cz2HzgO,Pb. Calculated %; Pb 36.78 


Determination of the Number of Acid Residues. For 0.0698 g of the substance, 2.85 ml of 0.1 N NaOH was re- 
quired; 0.0638 g of di-p-tolyllead diisobutyrate is equivalent to 2.48 ml of 0.1 N NaOH. 


2. A mixture of 4 g (one molecular proportion) of unpurified di-p-tolyllead oxide (see above) and 4 ml (about 
four molecular proportions) of isobutyric acid was prepared and was heated cautiously. Ethyl acetate (6 ml) was added, 
and the mixture was heated to the boil and then filtered from undissolved material. Crystals melting at 202-203° 
separated from the filtrate. In admixture with di-p-tolyllead diisobutyrate prepared as described above there was no 
depression of melting point. The yield was 2.7 g (48.3%). 


Di-p-tolyllead diisobutyrate is extemely soluble in the cold in chloroform, and is very soluble in methanol, 
ethanol, and ethyl acetat2, It is moderately soluble in the cold and very soluble at higher temperature in benzene, 
acetone, and carbon tetrachloride. It is insoluble in ether and hexane, even when hot. 


p-Tolyllead Triacetate 


Mercuric acetate (1.59 g = one molecular proportion) was warmed with 45 ml of glacial acetic acid, and to 
the resulting warm solution 2.5 g (one molecular proportion) of di-f-tolyllead diacetate (see above) was added; 
it dissolved very readily. After one day the copper-plate reaction for mercury ions was found to be negative. Drop- 
wise ai ition was then made of 1.9 ml of alcoholic 2.62 N HCl (one molecular proportion). The precipitate that 
formedé was foundto be p-tolylmercury chloride, m.p. 238° (Nesmeyanov [5] gives 238-239°); the yield was 1.5 g 
(26%). The filtrate was left over caustic alkali in a vacuum desiccator to remove acetic acid. The residue was a 
thick oil. which crystallized when rubbed out. The yield of crude material was 2-2.2 g; it was recrystallized from 
€ ml of hot freshly distilled ethyl acetate acidified with a drop of acetic acid, the solution being filtered and cooled 
in an ice -salt mixture. The yield was 1.6 g (67%) of p-tolyllead triacetate, m.p. 84-86°, raised to 86-88° by a sec- 
ond cry*.allization from hot ethyl acetate; in further recrystallizations the melting point remained constant. 


Found %; Pb 43.19 
Cy3HygO,Pb. Calculated %; Pb 43.59 


When crystallized from benzene, the substance separated with one molecule of solvent of crystallization. 


The substance (1 g) was dissolved in hot benzene (3 ml). The solution was filtered and diluted with 3 ml of 
hexane. The crystals that separated (0.6 g) were vacuum-dried at 61° (jacket of chloroform vapor)for five minutes, 
and then at room temperature for 30 minutes, 


and acetic acid, It is moderately soluble in the cold, and readily soluble at higher temperature, in ethyl! acetate, 
acetone, and benzene; it is insoluble in hexane and ether, even when hot. 


p-Tolyllead Trimethacrylate 


p-Tolyllead triacetate (0.36 g = one molecular proportion) was dissolved in 1.5 ml of absolute alcoliol, and 
the solution was filtered. Methacrylic acid (0.39 ml = six molecular proportions) was added’to the filtrate, and the 


mixture was placed in ice and salt. After a few minutes well formed needles appeared, and these were filtered off 
and recrystallized from hexane. The yield was 0.17 g (42%) 


Found %; Pb 37.31; 37.08 
Calculated % Pb 37.44 


At temperatures above 120° p-tolyllead trimethacrylate gradually decomposes without melting. It forms needle- 
like crystals, which are readily soluble in the cold in ethyl acetate, chloroform, and benzene. They are moderately 


soluble in the cold, and readily soluble at higher temperatures in methanol, ethanol, and acetone; 


they are poorly 
soluble in ether and hexane, even when hot. 


p-Tolueneplumbonic Acid 


A solution of 0.5 g of p-tolyllead triacetate in 10 ml of absolute alcohol was added dropwise with vigorous 
stirring to 12 ml of 5% ammonia. There was an immediate white amorphous precipitate. The reaction mixture _ 
was stirred for three hours and was then set aside overnight. The precipitated p-tolueneplumbonic acid was filtered 
off, carefully washed with water, with alcohol, and with ether (the substance yellowed somewhat on the filter), and 


then dried for one hour in a vacuum at 100°. The product was carefully ground and then dried further for one hour 
under the same conditions. The yield was 0.18 g (60%). 


Found 7; Pb 62.19; 62.52 
C7H,O,Pb. Calculated %: Pb 62.55 


p-Tolueneplumtonic acid is a white or somewhat yellowish amorphous substance 
cold in dilute hydrochloric acid and also in organic acids; 
caustic alkali. 


. It is readily soluble in the 
it dissolves with some difficulty in concentrated (40-50%) 
When boiled with concentrated hydrochloric acid, it yields toluene (elimination of the tolyl group). 


Conversion of p-Tolyllead Triacetate into p-Tolyllead Trimethacrylate via p-Toluene- 


plumbonic Acid 


A solution of 0.5 g of p-tolyllead triacetate in 10 ml of absolute alcohol was added dropwise with vigorous 
stirring to 12 ml of 5% ammonia. There was an immediate white amorphous precipitate. The reaction mixture 
was stirred for three hours and was then set aside overnight. The precipitate fo:med was filtered off, washed with 
water, with alcohol, and with ether, and then dried in a vacuum at 100°. The freshly prepared p-tolueneplumbonic 
acid was ground with methacrylic acid, the mixture was diiuted with benzene and filtered, and the filtrate was left 


in a vacuum desiccator to remove solvent. The residue was crystallized from ae: The characteristic needles of 
the trimethacrylate were obtained. 


Foun] *; Pb 37.08; 37.13 
Pb. Calculated Ton Pb 37.44 


SUMMARY 


1, A method has been developed for the synthesis of compounds of the class Ar,PbX, (Ar is an aromatic 


radical and X is the residue of an organic acid) from ArsPb, the syntheses investigated being those of di-p-tolyllead 
diacetate and di-p-tolyllead diisobutyrate. 


2. Members of a new class of compounds have been prepared, namely, p-tolyllead triacetate and p-tolyilead 
trimethacrylate, the latter being obtained from the former by a transacylation process. 


Found %; Pb 37.60 
CHC Calculated Jo, Pb 37.49 
The benzene of crystallization could be removed completely only by drying the finely ground material in a 
vacuum at room temperature for two days (Found %; Pb 43.44). 
p-Tolyllead triacetate forms friable crystals, extremely soluble in the cold in methanol, ethanol, chloroform, 


3. A new areneplumbonic acid has been described, namely. p-tolueneplumbonic acid. 


Received July 3, 1954 L, Ya. Karpov Physicochemical Institute 


LITERATURE CITED 
{1} E. M. Panov and K. A. Kocheshkov, Proc. Acad. Sci. USSR 85, 1037, 1293 (1952). 
[2] A. Polis, Ber. 21, 3424 (1888), 


[3] K. A. Kocheshkov, Syntietic Methods for O:ganometallic Compounds of Group IV Elements, Acad. Sci. 
USSR Press, Moscow and Leningrad, 1947, p. 88. 


[4] H. Gilman J. C. Bailie, J. Am. Chem. Soc. 61, 731 (1939). 


[5] A. N. Nesmeyanov, J. Russ. Phys. Chem. Soc. 61, 1393 (1929). 


FREE ENERGY CHANGE IN THE ADSORPTIONAL DISPLACEMENT OF BUTENE BY WATER 
FROM A CATALYST SURFACE 


A. A. Balandin, O. K. Bogdanova, and A. P, Shcheglova 


In the stu’y of the action of catalysts it is important to know the properties of the intermediate adsorption com- 
plex formed between a reacting substance and the catalyst. Such properties include the adsorption coefficient of the 


substance for the catalytically active surface, and we have previously examined an experimental method for the deter- 
mination of this pioperty [1, 2}. 


The adsorption coefficient a is simply the adsorption equilibrium constant, and the quantity z, which has been 
called the relative adsorption coefficient, is the equilibrium constant for the adsorptional displacement of one sub- 
stance by another from the active surface. 


We shall denote the total number of like catalytically active centers on the given surface by s, and by sy sy 
Sz ++ + «8, we shall denote the numbers of these centers in the free state (ssAand occupied each by a single molecule 
of the substances Ay, Ag, .... An, respectively, derived from the gas phase. The ratios 


N', = 3,/s \ 


N2=3/s 


(1) 

Nin 
will be the mole fractions of free centers and adsorption complexes on the surface. By Ny, Ny. ..... N, we shall 
denote the mole fractions of the substances A; Aj, ..., An in the gas, which has a total pressure of P, and by k, 


. . Ky we shall denote the rate constants for adsorption, and by kg. .., keg the rate constants for de- 
sorption. For adsorption equilibrium, equating rates of adsorption and desorption, we have: 


kN, PN’ = k-,N'y 
k,N, PN’, = 


ee ve (2) 
= kaN | 
+ Nigel (3) 


It can be readily shown from Equation 2 that the aasorption equilibrium constants a, a, ..., ag are given by 
1 


= 
NaN P (4) 


These adsorption equilibrium constants a, a, ..., a, are equal to the ratios of adsorption and desorption rate con- 
constants and refer, respectively. to the follawing dynamic equations; 


ui 


A, (gas)+ S(surf.) = Ay*S(surf.) 
Az (gas) + S(surf.) = (surf) 


An(gas) ¢ S (surf.) = Ay*S(surf.) (5) 


In these equations Ay’S, . . . , denote adsorption complexes. The quantities a, a2,..., a, can be 
regarded also simply as Langmuir adsorption coefficients, In fact, Equations 4 give 


= 


Associating with these the identity 
Nig (7) 

and ad¢.ng these <quatians (6 and 7), we find, with the help of Equation 3 that 

1=(a,N,P + a,N,P+. «+ ag NpP+ 1)N"». (& 


Determining the ¢alue of N’y from Equation 8 and substituting it in the first of Equations 6, we arrive at Langasuir's 
isotherm for a mixture 


a,N,P 
(9) 


We find therefore, that the equilibrium constants ay a, ...,@, are indeed adsorption coefficients, 
As is well known, mole fractions, partial pressures p, and concentrations [A] are related together, for each com- 
ponent of a gas mixture, by an equation of the type 
pa, =CA RT. (10) 


By substituting this in Equation 9 we can express the isotherm in other variables — partial pressures or concen- 
trations. It should be noted that each term of the denominator (and also numerator) of Equation 9 is dimensionless, 


so that the dimensions of the constant coefficients in the terms of the denominator must be the inverse of those of 
the corresponding variables. 


At sufficiently high pressures or concentrations we can neglect the term unityin the denominator of Equation 
3. It will be obvious that the constant coefficients will retain their values irrespective of which variable, N, P, or 
[A] is chosen for the expression of the isotherm. Taking concentration as the variable we obtain 


WN’ a,fA 
[Ag] +... +anfAg] (11) 
Division of numerator and denominator by a, yields 
[A 
[Ay]-%[Ag]+... +2Zp,[An] (12) 
in which 2, ..., Zp, are dimensionless quantities, namely, relative adsorption coefficients; 


2, a, 


Zn =a,/ a (13) 
In ordez to bring out their physical meaning, we will substitute the values of a, a, ..., a, from Equation 4 into 
Equation 13: 
(14) 


which is simply the equilibrium constant for the process of the adsorptional displacement of the substance A, from 
the surface by the substance Ag: 


AyS(surf.) +A, (gas) =A °S(surf.) + Ay(gas) (15) 


/ 
| =— 


in general 


z, 
(16) 
which is the equilibrium constant for the process; 
Ay’S (surf.) + A, (gas) = A,’S (surf.) + Ay(gas) (17) 


Since a, a3, ..., a, and 2%, ..., 2, are equilibrium constants, a treatment based on chemical thermodyna- 
mics will lead us to free energies. 


It will be seen that the standard free energy for the formation of adsorption complexes from the substances 
Ay Az. .... A, in the gas state and the free surface will be 


AF*(A,) = In ay 
AF* (A;,) = —RT In a;, 


AF® In ap. 


(18) 
in which the free energies correspond line by line to the processes of Equation 5, 


The standard free energies of displacement are 


(Ay. Ay) = — RT In 


(An. Ay) = —RT In zp, 
in which AF*(A;, A 


(19) 
p and AF*(A,, A,) refer to the processes of Equations 15 and 17, respectively. 


It is of interest to note that the quantities z (owing to their zero dimensions), and also the free energies of 
displacement derived from them, are invariant quantities with respect to change of variable (N, P, or [A]) and with 
respect to change in the units in which the adsorption coefficients are measured, On the other hand, in Equations 


18, which involve a, such changes (if any desired pressures are considered) result in the appearance of constant 
terms, which determine the standard state. 


Finding now from Equation 1 not the fraction of the surface Nj’, but the actual surface s, occupied by the 


reacting substance A,, and assuming the rate of reaction dx/ dt to be proportional to the latter, we obtain 
the kinetic equation 


dx_ [Ay] + 
dt Tay) + 2 nlAn] (20) 


in which k is the rate constant for the catalytic reaction and includes the value of the active surface. It should be 


noted that in the derivation no limitation has been placed on the number of substances n. 


Hence, by determining relative adsorption coefficients from kinetic measurements carried out by the method 
that we have developed [1] we are able to determine experimentally the standard free energies of displacement 
for the actual active catalytic centers (not merely for thetotal surface of the catalyst). Similarly, basing our cal- 


culations on Equation 9 instead of Bquation T 12, we may determine the standard free energies of adsorption on the 
catalytically active centers. 


As an example of the application of these views, we consider below the effect of water vapor on the dehydrogena- 
tion of butene to butadiene. In a previous investigation [1] we have studied the kinetics of the catalytic dehydrogena- 
tion of butene to butadiene and have developed an experimental method that enables us to exclude a number of com - 
plicating factors from consideration, one of these being the ready polymerization of butadiene with the formation of 
a carbonaceous film that poisons the catalyst. It was found that the rate of dehydrogenation is not greatly dependent 
on pressure, the lowering of which reduces the rate of polymerization, The kinetic equation for the dehydrogenation 
reaction was found, and the relative adsorption coefficients were measured, It was found that the relation between 
the adsorption coefficients of butene, butadiene, and hydrogen at 560° could be expressed as 1; 9.5: 0.8. It was 


shown that the formula for the determination of adsorption coefficients actually did give fairly constant values of 
a, independent of concentrations. 


— 


ui 


- manent of temporary + when water vapor was introduced. If temporary” then the method of determining adsorp- 


In the present investigation it was first of all necessary to determine what type of poisoning occurred — per- 


ton coefficients and free energies of adsorptional displacement could be applied, but if permanent, another approach 
would be required (see below). 


EXPERIMENTAL 


The rates of dehydrogenation in various binary mixtures of butene and water vapor were measured, In order 
to determine the extent to which butadiene underwent decomposition, the behavior of binary mixtures of but- 
adiene and water vapor was also studied, and other experiments were carried out on the dehydrogenation of but- 
ene over a catalyst that had been previously treated with water vapor. 


Experimental Procedure 


The experiments were carned out by the flow method in the apparatus described previously [1] the only modi- 
f:caton being the addition of a definite amount of water vapor to the butene (or butadiene) just before it entered 
the furnace. For this purpose, after passing through the flowmeter, gas from the gas holder entered a saturator con- 
taining water, which consisted of a cylinder provided with an electric spiral for the heating of the water, a ther- 
mometer, a buret containing water for the maintenance of the level in the saturator, and two tubes for entry and 
exit of gas. The gas from the saturator passed directly into a silica tube heated in an elecuic furnace. The exit 
gases from the furnace passed to a receiver fitted with a spherical condenser, in which the water vapor condensed, 
and were collected in a gas holder over saturated brine. 


The temperature in the catalyst layer was measured by means of a nichrome-constantan couple contained in 
a silica pocket, the readirgs being taken on a potentiometer, and the temperature was maintained constant within 
+ 0.25*. The rate of passage of gas was determined by a flowmeter and was constant throughout an experiment, 
The degree of saturation of the butene (or butadiene) with water vapor was determined from the vapor pressure 


at the given temperature and, when possible, it was determined also from the weight of water collected in the 
receiver. 


The experiments were carried out with 2 ml of chrome catalyst and 4 ml of silica (crushed quartz), which 
was placed in front of the catalyst to aid in the heating of the gas. After each experiment the catalyst was treated 
in a stream of air at 600°, Just before the expenment nitrogen was passed for three minutes in order to displace 


air from the apparatus. The sampling of gas for analysis was carried out three minutes after the beginning of the 
experiment. 


The volumes of the gases were reduced to standard conditions. In the gas collected, butadiene was determined 
by its reaction with maleic arhydride, butadiene together with butene by absorption in 84% sulfuric acid, ethylene 
by absorption in a solution of mercuric sulfate in sulfuric acid, hydrogen and saturated hydrocarbons by combustion 
over copper oxide: In some experiments the exit gases were tested for carbon monoxide with ammoniacal cuprous 
chloride. Neither carbon monoxide nor carbon dioxide was detected in the gases, thus indicating that there was no 
chemical interaction between the hydrocarbons and water under the given conditions. 


The butene was prepared from butyl alcohol and was purified by fractionation through a Davis column. The 
source of the butadiene was the butadiene fraction obtained from the SK works; it was purified from higher hydro- 
carbons and had the following composition: 90.8-91% of butadiene and 9-9.2% of butene. 


Experimental Results and their Discussion 


The experiments with mixtures of butene and water vapor were carried out at 560°, 580°, and 600° at a space 
velocity of 16,000 liters per liter per hour. The extent of dilution of butene with water vapor was varied from 9 to 
75% by volume. The amount of butadiene formed under all these conditions was determined, and the reaction pro- 
ducts were also analyzed by the methods indicated above. The results obtained are collected together in Table 1, 
in which they are arranged so that experiments at any given temperature are in order of increasing water content 
in the mixture. A control experiment was carried out at the end of every series. 


Fig. 1 shows the dependence of the amount of butadiene formed in unit time (five minutes) on the composition 
of the butene-water mixture used. Fig. 2 shows similar results for the dependence of the amount of hydrogen formed 
on the composition of the original butene-water mixture. The corresponding curves of Figures 1 and 2 are very 
similar, indicating that the extent to which secondary decomposition reactions occured was not great, The form 
of the curves indicates that water is adsorbed more strongly than butene, All of the curves fall below the additive 


|. 


straight line. We applied the theoretical considerations that we developed in a previous paper (2] to the data ob- 
tained, and we calculated the relative adsorption coefficient of water mclecules (z) from the formula derived from 
these considerations [1] 


—-1 


(21) 
?P 
in which p is the mole percentage of butene in its binary mixture with water, Mg is the rate of dehydrogenation of 
pure butene, and m is the same for the p” mixture under the same conditions, Results of calculations from Equation 
21 are given in the last column of Table 1. 


Fig. 2 


_ It will be seen from Table 1 that in experiments at a given temperature the value of z is fairly constant, thus 
confirming the applicability of the theory. With rise in temperature, z falls; for a wide range of temperature we 
find that z is 3.1 (for 560°) and 2,0 (for 600°). The rate of fall of z apparently diminishes with rise in temperature, 
but the sensitivity of the method is such that over a narrower range of temperatures —600° and 580°-- the values 
of z practically coincide. By the application of Equation 7 to these data we may find the free energy of the dis- 
placer: ent of buiene from the active surface by water, It is found that for this process 


AF® = 4508 cal/ a. 
AF* =-— 2702 cal/ mole at 853°K 
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In a similar way, applying the same formula (Equation 7) to the results obtained previously (1) [2 = 9.5 
for equilibrium constants for the displacement of butene by butadiene, and zs = 0.82 for the displacement of but- 
ene by hydrogen (at 560°) }, we find that the free energies of the adsorptional disp!acement of butene by butadiene | 
and of butene by hydrogen are given, respectively, by 


AFy = cal/ mole 
OF; = -755 cal/ mole 


The results show that, owing to adsorptional displacement ‘water vapor should retard the dehydrogenation of . 
butene to butadiene. The adsorption coe‘ficient of water on the active centers of the dehydrogenation catalyst is 
found to be 2,0-3.1 times as great as that of butene. Rise in temperature should accelerate the dchydrogenation of - 
butene, not only as a result of the usual increase in rate constant with temperature, but also as a result of the re- 
duction in the value of Z=*}20/ 2Cyl: All this is in accord with the experimental facts, 


Tre theory is therefore applicable quantitatively for catalytic dehydrogenation centers. Temporary poisoning 
does indeed occur in the process under consideration. Dehydrogenation, however, is not the only reaction promoted 
by the catalyst: there are other active centers on the surface [3], and on these occur the polymerization and decom- 
position of butadiene with formation of products giving a carbonaceous film. These reaction products slowly migrate 
to the dehydrogenation centers and cause poisoning that is no longer temporary, but permanent. It is therefore 
necessary to consider also the action of water vapor on the complicating reactions accompanying dehydrogenation. 
This action is fairly complicated. 


When. the results are applied to the deterr ination of the amount of butene decomposed in its relation to the 
water content of the mixture, we obtain the curs shown in Fig. 3. It will be seen that the addition of 10% of 
water vapor causes the decomposition to be greater than that of pure butene, but as the dilution of butene with water 
is increased further the extent of decomposition diminishes and, at 70-75%, becomes less than one-half of that found 
for pure butene. 


Thus, the curve for the total amount of butene decomposed passes through a maximum at 10% of water. As 
the temperature rises, this maximum becomes higher. Analysis of the reaction products showed that in the region 
of the maximum there was a small rise in the content of saturated hydrocarbons. This rise, however, can be neg- 
lected, for the principal by-products are liquid polymerization and, possibly, dimerization products, With increased 
dilution the amount of liquid products diminishes, In the gaseous products — apart from butadiene, butene, and hydro- 
thylene (0.4-2.0%) and saturated hydrocarbons (0.8-2.0%) were found. The distribution of the reaction pro- 
ducts at different temperatures can be seen from Fig. 3. 


Further experiments were carried out with mixtures of butadiene and water vapor (Table 2). The extent of 
dilution with water vapor was varied over almost the same range as in the case of butene, namely 6-75% by volume. 
The rate of passage was as before. The experiments were carried out at 600°, Like butene, butadiene gave a de- 
composition peak at about 10% of water. With increase in dilution, the extent of decomposition decreased, The 
main decomposition products of butadiene were liquids, In the exit gascs small amounts of ethylene (up to 1%), 
hydrogen (0-1.6%), and saturated hydrocarbons (0.8- 1.3%) were detected. 


The experiments with butadiene show quite clearly that in the presence of a chrome catalyst small amounts 
of water vapor encourage the formation of liquid reaction products — products of the condensation of butadiene. 
This is a new fact, deserving of further study. Ata higher content of water vapor, the water molecules cover the 
catalyst surface, screening the active centers, and they distribute themselves over the surface between the butadiene 


“molecules. Asa result, polymerization and dimerization are retarded, for these processes require the proximity of 


two butadiene molecules on the surface. 


Hence, ix the process under consideration on the given catalyst water vapor acts in several directions. First, 


. reversible poisoning occurs: a) water displaces butene from the surface, which is unfavorable for the dehydrogena- 


tion of tutene; b) water displaces butadiene (from other sites on the surface), which is favorable for dehydration 
since polymerization is suppressed. Second, as a result of the last effect, water suppresses the irreversible poison- 
ing of the active dehydrogenation centers by polymerization products. Third, . at low water concentrations an inter- 
esting phenomenon is observed — increased formation of liquid reaction products. 

To determine the effect of water vapor on the catalyst surface, we carried out a pretreatment in which the 
Catalyst was saturated with vapor. Just before the experiment nitrogen containing 10% of water vapor was passed 
over the catalyst foreight minutes. The mixture of butene and water vapor was passed for three minutes, and this 
was followed by undiluted butene that had been dried over calcium chloride, The results showed that this pre- 
liminary treatment with water vapor had no apparent effect on the catalyst surface. As will be seen from Table 3, 
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Fig. 3. 1) CgHg: 2.) saturated hydrocarbons; 3.) C,H, 


Experiment 846, which was carried out at 580°, gave the same results as an experiment in which there was no 


preliminary treatment with water vapor. Hence, water vapor does not produce any irreversible poisoning or 
other change in the given catalyst, 


SUMMARY 


1. A method is proposed for the determination of equilibrium constants for the adsorptional displacement 
of some substances by others from a catalytically active surface; it yields also the free energies of the processes, 
and these determine the stability of the intermediate adsorption complexes. 


2. It has been found that water vapor effects the adsorptional displacement of butene from the catalyst 
surface. The ielatve adsorption coefficient is about 3.1 at 560° and diminishes withri:inz temperature, attaining 
the value of 2.0 at 600°. The free energy of displacement of butene by water from the active catalyst surface 
is~ “4208 cal/ mole at 833° K. and — 2702 calY mole at 853° K. Moreover, water vapor suppresses the conveision 
of butadiene into polymerization products, which give resinous films on the catalyst and so poison it imeversibly. 


3. We have observed an interesting, previously undescribed example of the acceleration of the condensa- 
tion of butadiene on the catalyst surface under the influence of small addition (about 107%) of water vapor, It 


was established that, under these’ conditions, water vapor itself would not bring about imeversible poisoning ef the 
catalyst. 


Received August 15, 1954 N. D. Zelinsky Institute of Organic Chemistry of the 
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SYNTHESIS OF SULFUR COMPOUNDS BY THE AID OF VINYL ETHERS AND ACETYLENE 


COMMUNICATION 12, THE MOST EFFECTIVE CATALYSTS FOR THE ADDITION OF 
HYDROGEN SULFIDE TO VINYL ETHERS IN THE DIRECTION 
CONTRARY TO MARKOVNIKOV'S RULE 


M. F. Shostakovsky, E. N. Prilezhaeva, and E. S. Shapiro 


With the object of developing a simple method for the synthesis of 2-aryloxyethanethiols and bis-(2-aryloxyeth- 
y}) sulfides, we have extended the reaction of anomalous addition of hydrogen sulfide to vinyl ethers, which we have 
previously studied for alkyl vinyl ethers (1, 2} to reactions with aryl vinyl ethers; 


CH, = CHOAr + H,S—>HSCH,CH,OAr 


CH,CH,OAr 

HSCH,CH,OAr + CH; = CHOAI—~S (2) 
CH,CH,OAr 

The ethers investigated were phenyl vinyl ether and p-tert-butylphenyl vinyl ether, 


The reaction proceeded very slowly with these ethers, and the catalysts that we had used in the previous in- 
vestigations — traces of oxygen, a solution of HCl in dioxane ~ were found to be very ineffective. Also, long heat- 
ing at fairly high temperatures did not give a satisfactory yield of the reaction products. When we carried out the 
reaction with alkyl vinyl ethers in presence of these catalysts [2], the products were 2-alkoxyethanethiol and a mix- 
ture of bi 2-alkoxyethyl) sulfide and 1-alkoxyethyl 2-alkoxyethyl sulfide in various proportions. This indicated that 
some of the hydrogen sulfide molecules added to the vinyl ether in the direction required by Markovnikov's rule. 
Aryl vinyl ethers, however, showed specific behavior in this reaction: unlike alkyl vinyl ethers, they reacted, under 


comparable conditions, exclusively in the direction contrary to that required by Markovnikov’s rule, with formation 
of the pure isomers indicated in Equations 1 and 2. 


In earlier work Shostakovsky and Bogdanova have shown that the reactivity of aryl vinyl ethers in reactions 
proceeding under the influence of ionic catalysts is considerably less than that of alkyl vinyl ethers. For phenyl 
vinyl ether, for example, itis more difficult to effect hydrolysis and hydrohalogenation (3, 4} addition of alcohols, 
and the decomposition of its a-halogen derivatives (5). Aryl vinyl ethers are considerably less active in polymeriza- 


tion reactions in presence of ionic catalysts [6, 7]. We have recently shown [8] that the polymerization of ary] vinyl | 
ethers can be brought about by radical catalysts, though the yield is very low. 


The results of the work cited above and of our work in the present investigation show beyond doubt that, irrespec- 


tive of the mechanism by which they proceed, the addition reactions of aryl vinyl ethers are much slower than the 
corresponding reactions of alkyl vinyl ethers, 


It was considered to be necessary to find other catalysts of the radical type to accelerate the anomalous addition 
of hydrogen sulfide to aryl vinyl ethers. First of all we tried ascaridole, which has been shown to accelerate reaction 


with butyl vinyl ether greatly, even at room temperature [1]. With this catalyst only phenyl vinyl ether gave a sat- 
isfactory yield of reaction products, 


It was found that the most effective catalyst was 2,2'-azobis[2-methyl propionitrile] which is well known as 
an extremely active initiator for free-radical polymerization processes — it was in the presence of this cacalyst that 
radical polymerization of vinyl ethers was first effected [9]. As regards the use of the azo nitrile as a catalyst in 


free-radical addition reactions, the only literature reference is in a patent [10) relating to reaction between olefins 
and hydrogen sulfide. 


2,2’ - Azobis [2-methylpropionitrile] decomposes in a known manner [11) into free radicals, In our case such 


a radical will probably attack hydrogen sulfide, and a chain reaction will begin, the first stage of which may be 
represented as 


| 
= 


CH, CH; 
Cc. +H,S 
! 
CN 
The thiol radical so formed will then enter into the process in accordance with the scheme given in one of 
ur earlier communications [1]. 


Unhke ascandole, 2,2° -azobis[2-methylpropionitrile} can be used to effect the quantitative additicn of hy~ 
Jrogen sulfide, not only to phenyl vinyl ether, but also to p-tert-butylphenyl vinyl ether, so that 2-aryloxyethane- 
chuols and bis(2-aryloxyethyl) sulfides can be synthesized in a comparatively simple way from readily accessible 
materials, 


TABLE 1 
Effect of Vanous Catalysts on the Addition Reaction between Hydrogen Sulfide and Butyl Vinyl Ether 


Expeti- Amouat. Experimental conditions , Yield of reaction Content of 1,2° 
ment | of H,S | Catalyst | Duration Temp- Dura-; Unchang-; products (% on -isomer in sul- 

No. (moles | Name Amount; of ex- erature: tien edether . ether that re- fide fraction 
mole of weight ; (days) heat- heat- 
on ether {ing 


Oxygen Traces 2 : 
13 27.7 6.27 90.4 


1 52.6 43.4 96.0 


j 
HC! in 0.09 2 15.2 70.7 85.9 


dioxane 1 54.3 36.8 911 


Ascarid- 1.5 2 13.8 99.8 
ole 


0.4 } Azo- 0.2 2 8 14.5 98.3 
0.4 $ nitrile 0.2 2 98.0 98.0 
| \79.0 [12.8 ' 918 


TABLE 2 


Effect of Vanous Catalysts on the Addition Reaction between Hydrogen Sulfide and Cyclohexyl Vinyl Ether 
Expem- Amount Ex rerimental conditions Yield of reaction Content of 
ment of HS Catalyst Durstion | Temp-| Dura-; Unchang- products(% on -isomer in sul- 
No. + (moles. Name Amount,Of €xper-! erature ed ether ether that re- fide fraction 
per ' (% by iment, i during (%) 
mole of weight | (days) heat- 
ether) 


1.2 ; Traces 150 


0.9 !0,08 19.7 } 37.4 
dioxane 

1.5 Ascand- 1.0 {10.3 23.5 

0.5 J ole 1.0 1 30.5 | 55.2 


12 Azo- | 28.9 67.5 
0.5 J nitrile :0.2 {ene 
i 


log 0.3 
0.5 2.5 
14 | 20.0 
26 0.4 9.0 
3 1.3 31.8 
95 
32 | 2 
10 64.5 91.7 
57.1 | 104.4 
13 93.8 20.4 
86.7 | 138.1 
al 95.4 5.8 
12 ' 23 
654 


TABLE 3 
Addition of Hydrogen Sulfide to Phenyl Vinyl Ether 
Experi. Amount Unchang- | Yield of reaction products 


ment | of H,S Catalyst edether { % on ether that reacted 
. Name | Amount, (%) | Thiol Sulfide Total 


: Traces of: 


| | in 19.02 ; 
| dioxane | 

‘ 
i 


oxygen 


0.02 ml 


j0.21g 
'0.2g , 60 
60 


Azo- 
9 nitrile lo.cs g 16 60 


TABLE 4 
Addition of Hydrogen Sulfide to p-tert-Butyiphenyl Vinyl Ether 


Experi~; Amount _ Experiment conditions | Unchang- | Yield of reaction products, 
ment of H,S Dura- | Conditions ed ether 


| Catalyst % on ether that reacted 
No. ‘(moles |Name ' Amount! tion of heating (%) Thiol | Sulfide | Total 
per | of Time Temp-; 
! mole | experi-| (hours) erature 
' of | ment (°C) 
(days) 


mole experi~ (hours) | erature 
of | ment (°C) 
ether days 
| 
1 70 Room 70 
. 
| 
5 8 “40 60 36 46.6 
| 40 40 
6 15 60 39 24.6 65.2 89,7 
120 | 35 ; 
1 99 j = - 
10 45 : 75.8 18.9 91.7 
8 41 i; 403 47.6 87.9 
- | 62.4 32.0 94.4 
Ascari- 
3 2.1 dole | 0.3 10 5260 | 94.5 - 
2 4.2 | Azo | 0.05 35 Room 55.8 26.6 | 70.2 | 96.8 
1 0.9 jnitrile | 0.05 9 52 60 1.6 19.2 | 73.0 | 92.2 
5 12.1 0.03 8 55 60 és 363 | 535 | 89.8 
| | ‘ | | j 
. 
| 655 


NI 


The characteristic behavior of the azo nitrile as an active radical catalyst is shown in the reaction of hy- 
drogen sulfide with alkyl vinyl ethers, which are well known for their great tendency to combine with reagents 
of the type HX by an ionic mechanism, Tables 1 and 2 give comparisons of experimental material obtained for 

two alkyl vinyl ethers in presence of all of the catalysts that we studied. In presence of traces of oxygen and of a 
solution of HCl in dioxane the yield of addition products formed in accordance with Markovnikov's rule was fairly 
high for some alkyl vinyl ethers (for example, for cyclohexyl vinyl ether), The application ofthe azo nitrile enabled 
the extent to which the normal reaction occurred to be reduced to a minimum and was equally effective for all 
alkyl vinyl ethers, including cyclohexyl vinyl ether, It is probable that the azo nitrile was the most effective cat- 
alyst because it promoted rapid anomalous addition to a greater extent than other catalysts. 


on 


2,2°- Azobis [2-methylpropionitrile] can be recommended as a universal catalyst for the reaction of anomalous 
addition between hydrogen sulfide or a thiol and a viny! ether of any structure. 


EXPERIMENTAL 


The addition of liquid hydrogen sulfide to vinyl ethers was carried out by the procedure and under the con~ 
ditions that we have described in detail in previous papers (1, 2,], 


Catalysts: 2,2°-Azobis(2-methyl propionitrile) was recrystallized from methanol and melted at 104°, Ascari- 
dole 


was prepared from Soviet chenopodium oil. A wide ascaridole fraction was collected (60-70% of raw material; 


\ 
| 
b.p. 90-93°/7mm). After refractionation, the ascaridole was purified by a method given in the literature [ 12} 


which consisted in two crystallizations from pentanesolution at —-60 to —70° and distillation of the frozen-out 
fraction. The purified ascandole had the following constants: b.p. 91°(7 mm), 84.5-85° (5.7 inm); 1.4740. 


The analysis was carried out by the 1odometric method described in the same paper [12). The ascaridole content 
was 99.8-100.2%, 


The amounts of catalyst taken were 0.2% of the azo nitrile and 1% of ascaridole on the weight of vinyl ether, 
In Tables 1-4 the yields are calculated on the amount of ether that reacted, not on the amount taken. The total 
yield does not therefore give an indication of the extent to which reaction occurred, but only cf the relative amounts 
of products in the given experiment. 


1. Addition of Hydrogen Sulfide to Aryl Vinyl Ethers 


1. Phenyl Vinyl Ether and Hydrogen Sulfide. The phenyl vinyl ether was purified by the method described 
previously [13], and it had the following constants: b.p. 155-156°(760 mm): njj 1.5225; dq’ 0.9767. 


Data relating to the experiments on the addition of hydrogen sulfide to phenyl vinyl ether in presence of var- 
ious Catalysts are given in Table 3. The amouat of ether taken varied from 15 to 25 g. Two of the experiments 
are described in detail below: in one of these the catalyst was HCl in dioxane, and in the other it was 2,2°-azobis 
[2-methylpropionitile]. 


Experiment 6 (conditions given in Table 3). The substances taken were 25 g of the ether, 4.2 g of hydrogen 
sulfide (9.6 mole per mole of ether), and 0.02 ml of HCl-dioxane. The tube was opened after 15 days, which in- 
cluded 122 hours at 60° and 120 hours at 35°. Afier removal of uncombined hydrogen sulfide, the increase in weight 
of the seaction mixture was 2.8 g. Fractionation yielded the following fractions: 


Fraction I B.p. 30-32" (4 mm); nj} 1.5210; 9.8 g 
Fraction IL 8B.p. 94-95°(4 mm); ng 1.5630; 4.8 g 


The residue, which was completely colorless, crystallized (11.3 g). 


| 
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(4.5 mm); nf} 1.4536; d{° 1.0206; found MR 64.12; calculated MR 63.35, 


Fraction I was unchanged phenyl vinyl ether. After refractionation, Fraction II came over entirely at 94-95° 
(5 mm); it was 2-phenoxyethanethiol CgH,;OCH,CH,SH, b.p. 96-97° (4.5 mm); 106-108.5° (7.5. mm); ny 1.5610; 
dj’ 1.1027; found MR 45.29; calculated MR 44.88. 


Found %; C6244 62.38; H 6.44; 6.61; $20.60; 20.88 
CgHpOS. Calculated C 62.30; H654; 3 20.79 


When treated with alcoholic mercuric chloride, the thiol gave the mercurichloride CgH,OCH,CH,SHgCl, 
which crystallized from boiling alcohol in the form of fine threadlike crystals, the melting point of which was 
indefinite. It was recrystallized from boiling xylene. 


Found %: C 24.58; 24.20; H 2.34; 2.49 
CsH,OSHgCl. Calculated % C 24.68; H 2.33 


For 2-phenoxyethanethiol the literature gives b.p. 112° (7.5 mm) [14]; b.p. 134° (29 mm); ny 1.5597 [15). 
In the first of these investigations the thiol was synthesized by the condensation of 2-phenoxyethyl halide with hy- 
drogen sulfide in presence of sodium ethoxide, and in the second it was obtained by a complex multistage synthesis 
from substances that are not readily accessible. 


The crystalline sulfide fraction was distilled from a pear-shaped flask, when it came over at 181-183°(1.5- 
1.8mm). After recrystallization from _-arm ethanol the sulfide melted at 54-55°, 


aoe 


Found %: C 69.96; 69.91; H 6.67; 6.80; $11.59; 11.44 
CygHyS. Calculated %: C 70.04; H 6.61; S 11.66 


The sulfide contained none of the isomeric monothioacetal CH,CH(OC,Hs)SCH,CH,OC,Hs as impurity, for 
its alcoholic solution did not give the ieaction, characteristic for this class of substances, with alcoholic mercuric 
chloride in presence of Methyl orange [16]; it therefore consisted of bis(2-phenoxyethyl) sulfide (CgHs;OCH,CHy) 2S. 


The literature gives a melting point of 54.2° for this sulfide, which was prepared by the condensation of mustard gas 
with sodium phenoxide (17). 


Experiment 9 (conditions given in Table 3). The substances taken were 20 g of phenyl vinyl ether, 12 g of 
hydrogen sulfide (2.1 moles per mole of ether), and 0.04 g of 2,2°-azobis(2-methylpropionitrile). After 16 days, 
which included a period of 53 hours at 60°, the tube was opened. The increase in weight was 4.2 g. No unchanged 
phenyl vinyl ether could be detected. Fractionation yielded 16 g of nure 2-phenoxyethanethiol, b.p. 96-100° (4-4.5 
mm) and nD 1.5600, i.e. having constants close to those already given for this substance (Experiment 6), The resi- 
due remaining after removal of the thiol fraction was transferred while hot to a tared weighing bottle, in which it 
crystallized (7.2 g). After a single recrystallization from warm alcohol it melted at 54.5-55°, which corresponds 


to bis(2-phenoxyethyl) sulfide. Thus, the use of the azo nitrile greatly increased the rate at which hydrogen sulfide 
added to phenyl vinyl ether, 


2. p-tert-Butylphenyl Vinyl Ether and Hydrogen Sulfide. The p-tert-butylphenyl vinyl ether had b.p. 88.5- 
89°(6 mm); 80.5-81.5° (4.5 mm); nD 1.5090. The experiments on the addition of hydrogen sulfide to p-tert-but- 
ylphenyl vinyl ether were carried out with 15-25 g portions of the ether; the data are given in Table 4. Only as- 
caridole and 2, 2'-2zobis [2-methylpropionitrile] were used as catalysts. It was not considercd to be desirabie to try 
less effective catalysts, since even ascaridole did not bring about the addition of hydrogen sulfide to p-tert-butyl- 
phenyl vinyl ether after a long pericd of heating. 


Experiment 5 (conditions given in Table 4). The substances taken were 15 g of the ether, 6 g of hydrogen 
sulfide (2,1 moles per mole of ether), and 0.03 g of 2,2'-azobis[2-methylpropionitrile}, Vacuum fractionation of 
the products yielded 8 g of a substance boiling at 132-134°(4 mm). The greenish viscous liquid remaining in the 
distilling flask was transferred while hot to a tared weighing bottle, in which it crystallized as it slowly cooled (8 g). 


Redistillation of the liquid fraction yielded; 


Fraction I, b.p. 120-130-142°(7 mm); 0.5 g 
Fraction II, b.p. 142-143°(7 mm); 6.5 g 


The resicue from this ‘listillation (0.8 3) cry:tallized, 


Fraction Il, a colorless evil-smelling liquid, had the following constants after refractionation: b.p.134- 134.5 


| 
| 
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Found %: C 68.63 68.45; H 8.72; 8.63; $ 15.33; 15.33 
CyHyOS. Calculated % C 68.52; H 8.63; $ 15,25 


The substance corresponded in analysis to 2-p-tert-butylphenoxyethanethiol CygH,sOCH,CH,SH; it was 
obtained in 36.3% yield. 


It was converted by alcoholic mercuric chloride into its mercurichloride CyHyOCH,CH,SHgCl, which was 
recrystallized twice from boiling alcohol and then melted with decomposition at 207°. 


Found C 32.69 32.68; H 4.03; 4.00; Cl 7.74; 7.86 
CyHyOSHgCl. Calculated % C 32.36; H 3.85; Cl 7.96 


After recrystallizauon (twice) from very small amounts of alcohol, the crystalline sulfide fraction no longer had 
any odor, It melted at 43.5°. 


Found % C 74.55; 74.63; H8.90; 8.82; $8.48; 8.53 
Colculated C 74.56; H 8.87 8.30 


The sulfide cid not give the qualitative reaction for the isomeric monothioacetal, and was therefore pure 
bis(2-p-tert-butylphenoxyethy]) sulfide 2S, obtained in 53.5% yield. 


Il *dditron of Hydrogen Sulfide to “Alkyl Vinyl Ethers 


Tables 1 and 2 give comparisons of the results of experiments on the addition of hydrogen sulfive to butyl 
and cyclohexyl vinyl ethers in presence of various catalysts. Below, we describe one experiment for each ether 
in presence of the most effective catalyst -2,2'-azobis[2-methylpropionitzile). | 


1. Butyl Vinyl Ether and Hydrogen Sulfide. Experiment 94 (conditions given in Table 1). In the fraction- 
ation 7.4 g of unchanged butyl vinyl ether was obtained and also 


Fraction I b.p. 40-44°(4 mm), nj} 1.4489; 4g 
Fraction II b.p. to 125°(3.5mm); 0.3g 
Fraction II] b.p. 125-127°(3.5 mm); nj 1.4559; 11g 


Fraction I corresponded in constants to 2-butoxyethanethiol, which we have previously characterized [1]. 
It was obtained in 23.8% yield, and its mercurichloride had mp’ 137.5- 128°, undepressed by admixture of the 
mercurichloride of 2-butoxyethenethioi obtained previously. Fraction Il corresponded in constants with bis(2- 


hutoxyethanethio! obtained previously. Fraction Ill corresponded in constants with big 2- butox i 
(C4HyOCH,CH,)S. which we have characterized previously. It was obtainedin 14. yield. 


2. Cyclohexyl Vinyl Ether and Hydrogen Sulfide. Experiment 11 (conditions given in Table 2). The whole 
of the cyclohexyl vinyl ether reacted. Fractionation of the reaction mixture yielded 


Fraction | b.p. 78-80°(5 mm); nj} 1.4865; 5.5g 
Fraction I] b.p. 133-185°(5 mm); nj 1.4988; 11.5 


Fraction I was pure 2-cyclohexyloxyethanethiol, the constants of which were close to those given pre- 
viously [2] for this substance; it was obtained in 28.9% yield. Fraction Il was almost pure bis(2-cyclohexyloxy- 


ethyl) sulfide, and was identical in constants with the sulfide that we prepared previously (2); it was obtained 
in 67.5% yield. 


SUMMARY 


studied. It was shown that, while the generzl tendency of aryl vinyl ethers is to react more slowly than alkyl vin- 
yl ethers, the addition of hydrogen sulfide to the former proceeds entirely in the direction coatrary to that re- 
quired by Markovnikov’s rule. 


2. A simple method 1s proposed for the synthesis in quantitative yield of 2-aryloxyethanethiols and bis 
(2 -aryloxyethyl) sulfides. 


3. It was shown that the most effective radical catalyst for anomalous addition of hydrogen sulfide to 
vinyl ethers of any structure is 2,2°-azobis[2-methylpropionitrile). 


Received September 16, 1954 N. D. Zelinsky Institute of Organic Chemistry of 


the USSR Academy of Sciences 


1. The reaction conditions required for the anomalous addition of hydrogen sulfide to aryl vinyl ethers were 
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SYNTHESIS OF tert-BUTYL HYDROPEROXIDE AND tert-BUTYL PEROXIDE AND THEIR 
OPTICAL INVESTIGATION IN RELATION TO THE PROBLEM OF THE STRUCTURE OF 
HYDROGEN PEROXIDE 


A. P. Meshcheryakov, M. I. Batuev, and A. D. Matveeva 


As is well known, many peroxides are unstable compounds, which may explore violently [1]; these include, 
in particular, peroxides derived from dienes ard acetylenic compounds, However, some very stable peroxides are 


known ~stable not only at ordinary, but also at high temperatures, Such peroxides are those derived from tertiary 
alcohols, namely, tert-butyl alcohol and higher alcohols of this type. 


In 1938 Milas and coworkers [2] prepared tert-butyl] hydroperoxide and tert-butyl peroxide, which have found 
application, along with other peroxides, in polymen zation processes [3, 4]. For the preparation of these peroxy com- 
pounds we alkylated hydrogen peroxide with tert-butyl hydrogen sulfate: 


CHy CHy 
CH, CH, 


CH; 


CHy 


CHy CHy 
OOH + O80, 08-— CH,-C—-O-O-C-CH, + H,SQ, 
CH; CHy CH, CH, 


Whereas Milas and coworkers prepared tert-butyl hydrogen sulfate from tert-butyl alcohol, we prepared from 


a more accessible substance, isobutene, which can be obtained from isobutyl alcohol by dehydration over alumina 
at 400-420°, or from cracking gases. 


EXPERIMENTAL 


We prepared tert-butyl hydrogen sulfate by the absorption of isobutene in 63%sulfuric acid at 0-20°. The 
resulting mixture of tert-butyl hydrogen sulfate and sulfuric acid was transferred to a Grignard-reaction flask and 
was cooled to 0°. Hydrogen peroxide (27%) was then added gradually at C- 10° from a dropping funnel over a per- 
iod of 39-60 minutes, the amount added being one mole for every two moles of tert-butyl hydrogen sulfate. Stirring 
was continued for 4-5 hours, and the mixture was then left at room temperature overnight, As a result of the reac- 
tion a completely transparent layer consisting of a mixture of peroxide and hydroperoxide was formed. This mix- 


ture can be used for various purposes — in particular, for polymerizations, and for the synthesis of peroxybenzoates 
and other peroxy compounds [2]. 


In order to prep2ie pure tert-butyl peroxide, free from hydroperoxide, the mixture was separated from sul- 
furic acid in a separating funnel and treated in the same Grignard flask at 0-10° with 10-20% NaOH solution *? 
which resulted in the formation ofthe sodium salt of the hydroperoxide and the isolation of pure (almost 100% 
pure) tert butyl peroxide, which was washed three times with small amounts of water and dried over sodium sul- 
fate. The hydroperoxide was isolated by treating the sodium salt at 0-15° with 10% sulfuric acid, extracting the 


solution «sith ether. drying the ether solution over so‘ium sulfate, distilling off ether, and vacuum-distilling the 
residue at 35-37° (17 mm}. 


i 

The total yield of peroxide and hydroperoxide was greater than 80%, When 2.1-2.2 moles of tert- butyl hy- : 
drogen sulfate were taken for every one mole of hydrogen peroxide, then after a long treatment (stirring for 8-10 

hours) the main product was tert-butyl peroxide. Thus, 575 g of a mixture of 63% sulfuric acid and tert-butyl hy- | 


drogen sulfate (1.1 moles) reacting with 63 g of 27% hydrogen peroxide (16.81 g of H,O,) yieided 67.2 g of tert- 
butyl peroxide, which is 81.8% of the theoretically possible yield. 


Laboratory worker A. E. Korolkova took part in the experimental work. 
** During the treatment with NaOH solution there was a transient purple coloration. 


— 


Physicochemical Constants and Analytical Results 


L._tert-Butyl Hydroperoxide; b.p. 35-37° (17 mm); M 90.12; dj° 0.8960; nf} 1.4015. The literature gives 
0.896; np 1.4013. 


Found %: C 52.83; H 11.0; 11.03 
CgHyp. Calculated % C 53.3; H 11.18 


2. tert-Butyl Peroxide: b.p. 13-15°(20 mm); M 146,224 dy’ 0.7970; nj§ 1.3910. 


Found %; C 66.18; 66.20; H 12.45; 12.69 
CyHyOQ,. Calculated %; C 65.77; H 12.40 


The somewhat high carbon content of the peroxide is probably to be explained by the presence of a small 
amount of higher peroxides. 


We investigated the Raman spectra of tert-butyl hydroperoxide and tert-butyl peroxide; the spectrum data 
are given below. The spectra were determined on a Soviet ISP-51 spectrograph with the medium camera. 


(CHy),COOH. Av cm~i:221(1), 270(1), 346(4), 365(4) 413(1), 527(5), 562(0), 58% 0), 60% 0), 628(0), 
6700), 74% 10), 79% 0), 8465), 884(10), 920(5), 10274), 10630), 1194(4), 1252(6b), 14240), 1454(10), 14742), 
2655(0), 2721(1), 2884 4* >, 2931(10* ), 2987(10* 32363 band), 3320-3500(3band with maximum at 3403), 
3546(1). : 


245(5), 263(0), 2916), 3502), 372(0), 512(8), 772(10), 862( 10), 
9040), 926(3), 1022(3), 1041(3), 12103), 12413), 1274(4), 1426(0), 14539), 2712(2), 2762(0), 288%4*), 2930 
(10°), 298610). 


' NOTE: b indicates a broad line; the asterisk denotes lines occurring on a background, 


The Raman spectrum of tert-butyl hydroperoxide was determined also in carbon tetrachloride solution at 
molar concentrations of 9.6 and 4%, In the spectrumof the first solution, in the frequency range of the hydroxyl 
group only the frequency 3546 cm” ! was preserved, and weak traces of the frequency 3622 cm” ' appeared. In 
the spectrum of the second solution, the intensity of the latter frequency was much higher, while the frequency 


3546 cm™! was preserved at fairly high intensity (the ratio of the intensities of the frequencies 3546 and 3622 cm™ 
was 3:1). 


Tre investigated hydroperoxide can be regarded as a derivative of hydrogen peroxide in which one of the 
hydrogens has been replaced by the group C(CHs)3. It is to be expected, therefore, that the hydroperoxide will 
retain some of the main optical characteristics of hydrogen peroxide. 


In the course of chemical and physicochemical investigations on hydrogen peroxide, this compound has 
been assigned the most varied structures, such as (4) °: 


Oo Ah 


H 
\No—o. H-O-O-H. 


etc, 


Optical investigations of the last two or three decades have directly established the presence of the linkages 
-O-O- and O-H and the absence of the linkage O=O in the hydrogen peroxide molecule. Hence, many of the 
proposed structural formulas for hydrogen peroyide containing ter- and quadri- valent oxygen, etc., have automati- 
cally dropped out. The reults of the optical investigation of hydrogen peroxide, taken in conjunction with the fact 
that its dipole moment is so high (2-13-10 ~ ™ in dioxane and 2.06- 10~ ™ in ether) and with the established ab- 
sence of free rotation around the axis -O-O-, have led to the now generally accepted view of the nonplanar 
structure of the nydrogen peroxide molecule: the linkage O-H forms an angle of about 110° to the —-O—-O- axis, 
and H~O-O and O- O-H are in mutually perpendicular planes (4, 5}. 


* The broken lines represent partial valencies and the arrow represents a coordinate semipolar covalent link, 
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Various physicochemical data indicate that hydrogen peroxide is an associated liquid, and the available Raman 
spectrum data [6] show directly that this association is the result of hydrogen bonding (in alcohol the hydroxyl frequency 
is represented not by a line, but by a band having a maximum at 3395 cm™’). The degree of association at 0°, deter- 


mined by the formula of Ramsay and Shields, has been given as 3.48 [7]. The density of hydrogen peroxide is very much 


greater than those of water and organic hydroperoxides [1] as can be seen from the data cited, 


This last fact indicates the particularly close packing 


p d | empera- | Density of hydrogen peroxide molecules brought about by the action 
ee ture (°C) _! (g/cc) of hydrogen bonds, It is interesting tu note that the addition 
of water sharply reduces the density of hydrogen peroxide (8): 
CH; thes 15 0.9550 peroxide molecules, break down the specific close packing 
16 1.0453 with consequent reduction in the density. 
3 2 2 j 


Apart from the hydrexy} frequencies referr-d to 
(band with maximum at 3395 cm a 8 the Raman spectrum of hydrogen peroxide contains the frequency 887:>:m™ 1 ivi- 


bration of O—O) and the frequency 1421 cm~ 1 (deformational vibration of the linkage O— H) (5, 9}. . 


However in investigations on hydrogen peroxide there is an obvious underestimation of the part play®" by the 
hydrogen bond i various aggregated states of this substance.* There is a very notable obscurity in the result of op- 
tical investigations on hydrogen peroxide, and it is essential to remove it before considering the hydroperoxide that 
we have investigated, Up to 1950, the same frequency was found for the hydroxyl group of hydrogen peroxide in both 
the liquid and gaseous (60° at 18 mm) states by the infrared- absorption method, namely, 3418 cm™ '[5, 10}. As hy- 
drogen bonds are generally broken in the gaseous state with the formation of monomers, it was concluded [5] that in 
the liquid phase (as also in the gas phase) hydrogen peroxide is only weakly associated, so that individual molecules 
of the liquid will be characterized by the same hydroxyl frequency as the monomeric molecules of the gas phase. 

In view of the statements that we have made above concerning the association of hydrogen peroxide molecules by 
hydrogen bonding and the resulting very dense packing of molecules -_ associated complexes, the data cited on the 
identity of hydroxyl frequencies (a band with a maximum at 3418 cm” ') show definitely that uader these experimental 
conditions the frequency of the hydroxyl of hydrogen-bonded associated complexes is observed even in gaseous hydro- 
gen peroxide. Indeed, under these experimental conditions, the frequency of the hydroxyl of isolated hydrogen per- 


oxide molecules was not observed; it must undoubtedly lie at a higher frequency than 3400 cm” ', This view is sup- 


- ported by the following data: hydrogen peroxide has an appreciable acid dissociation constant (into H’ and OOH"); 


it has been estimated (4) at 1.78- 10° ® (Evans) and 1,55-10° ” (Kargin). It is considerably higher than the dissocia- 
tion constant of aliphatic alcphals (e.g. methanol, 1-107 %) but it is less than the constant for phenol (1.06 - 10° a 
and of course very much less than the constants of formic (2,1- 10° 4) and acetic (1.8 10° 5) acids, The frequency 


_ of the hydroxyl of the monomeric hydrogen peroxide molecule should therefore be greater than in formic acid 


(3563 cm” *) and phenol (3603 cm™ 4), but less than in methanol (3670 cm™ 4) [12}. 


In this connection it must be noted that in a recent investigation reported in 1950 [13] a band at 3590 cm ! 
was observed in the infrared spectrum of gaseous hydrogen peroxide under more severe conditions (90° and 15 mm) 
while the frequency of 3400 cm” r. observed earlier (5, 10) under somewhat milder conditions (60° and 18 mm) in 
the gas phase and also in the liquid phase, could not be detected under these conditions, The author {13}, without 
even considering the question of the association of hydrogen per xide molecules by hydrogen bonding, of the depend- 
ence of this association on the experimental conditions, and of the effect of all these nam esr er ys on the spectrum 
of the hydroxyl group, provisionally, but without any basis, assigned the frequency of 3400 cm~' to the symmetrical, 
and the frequency of 3590 cm”! to the antisymmetrical, vibration of the hydroxyls of the isolated ay eges peroxide 
molecule, It will be evident, however, from the consideration given above that the frequency 3400 cm™ 1 (which is 
in the form of a broad band in the Raman spectrum) can in no circumstances be assigned to the hydroxyl of the iso- 
lated hydrogen peroxide molecule, Its replacement by the frequency 3590 cm? in gaseous hydrogen peroxide at a 
somewhat higher temperature (90° instead uf 60°) undoubtedly indicates that under these conditions the associated 
complexes are broken down into simpler ones, but it is very unlikely that the frequency 3590 cm” ! {s that of the 
hydroxyl ef the monomeric molecule; it is probable that it is the » frequency of a hydroxyl forming a part of the dimer 
ting, which is not broken down under the experimental conditions *, the frequency of the hydroxy] of the monomeric 
© By way of example we may point out that ia Pozin" RT 


zin’s monograph [4], in which a large amount of material is gathered 
pe ager g A from hy literature, there is no mention of the presence of a hydrogen bond in hydrogen peroxide; the same is 


we owing pages 
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hydrogen peroxide molecule is still higher and has not yet been detected, Apart from the physicochemical data cited, 
the results of our optical investigations on tert-butyl hydroperoxide also support this view, 


In this hydroperoxide the main features of the structure of hydrogen peroxide are retained. The frequencies 
observed vary only slightly from those of hydrogen peroxide: the frequency of the vibration of the O-O group is 
834 cm” ' ($77 for hydrogen peroxide), the frequency of the deformational vibration of the hydroxyl group 1s 1424 
cm” '(1421 for hydrogen peroxide), and there is a hydroxyl band with its maximum at 3403 cm” 1 (3395 for hydro- 
gen peroxide), i.e., in the investigated hydroperoxide in the liquid state, association occurs by hydrogen bonding 
(the hydroxyl frequency is displaced toward the lower frequencies and is smeared into a band). But apart from this 
band, in the region of the hydroxyl frequencies there is a frequency of 3546 cm™ 1, whichis preserved also in the 
spectra of the 9.6 % and 4% solutions of the hydroperoxide in carbon tetrachloride, in which the other frequencies 
of this region disappear and a new frequency of 3622 cm™ * makes its appearance — faintly in the spectrum of the 
first solution. and as a more intense line in the spectrum of the second, This is a new phenomenon, not to be found 
in the results given above for hydrogen peroxide. We shall explain the signifiance of this phenomenon. 


As our cryoscopic investigations showed, the hydroperoxide is a substance that is associated by hydrogen bond- 
ing. Ata 4 mole-% concenwation in benzene solution the association coefficiem of the hydroperoxide is 1.48, i.e., 
by no means all of the hydrogen-bonded associated complexes are broken down into monomer at this concentration. 
Ata concentration in benzene solution of 8-10 mole-% there is a very definite predominance of dimer, and with 
increase in concentration the association coefficient increases still further. 


Cryoscopic Determination of the Molecular Weight of tert-Butyl Hydroperoxide in Benzene 


Corcentration of solution (mole-%): — 4 7.8 84 16.8 32.9 
Association coefficient: 1.48 1.88 1.94 4.02- 8.57 


Since, unlike hydrogen peroxide, it has only one hydroxyl group, the investizated hydroperoxide ferms simper: 
associated complexes, and its main association unit, unlike that of hydrogen peroxide with its two hydroxyls (see 


. above), is a planar dimer ring: 


/ 
C(CHy)s 


tert-Sutyl hydroperoxide in benzene solution at a mole percentage of 8— 10 exists almost entirely in the 
form of this dimer ring, but at 4 mole~% part of these rings are broken with the formation of monomeric molecules, 
On the other hand at higher concentrations and in the liquid state further association occurs int canplexes formed 
from many molecules, resulting, in particular, by the further hydrogen bonding of the already existing dimer rings 
in layer fashion. 


In the iight of these considerations, the results that we have discussed relating to the optical investigation of 
the hydroxyl region of the spectrum are fully comprehensible. The frequency 3546 cm™ *, which is present in the 
spectrum of the 9.6 and 4 mole-% solutions of the hydroperoxide in carbon tetrachloride, is to be assigned (in ac- 
cordance with the cryoscopic data cited above) to the hydroxyl group of the dimer ring shown above, in which the 
association occurs through two hydrogen bonds. The fact that this frequency is lower than that of the hydroxyl of 
isolated formic and acetic acid molecules (in the gas phase [12]) provides particularly sttong support for the view 
that under these conditions we are indeed concerned with the frequency of a hydroxy] that is taking part in a hy- 
drogen bond, and not with the frequency of the hydroxyl in an isolated molecule. The higher frequency of 3622 
cm” ? characterizes the vibrations of the hydroxyl of monomeric molecules, whichin the first solution are present 
only in traces (judging from the cryoscopic data), but in the second are present to the extent of about one in five 
of all the hydroperoxide molecules present in the solution. The piesence ia the liquid hydroperoxide of the fre- 
quency 3546 cm~* in addition to the band indicates that in the liquid state dimer rings are able to exist in ap- 
preciable amount along with the polymeric complexes. 


The frequency of the hydroxyl group of the monomeric molecule of the investigated hydroperoxide is 
higher than the hydroxyl frequency of monomeric fatty acids (formic, etc.) and phencls, but lower than that of 


trimethyisilanol, methanol, and other substances, which is in accord with the discussion given above of the degree 
of acidity of these compounds (12, 14). ; 


** As is well known, complete breakdown of the hydrogen-bonded d P 
(the boiling point of scetic P. cid is 118.1") y drog nded dimer ring of acetic acid occurs only at 200 
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Hydroxy] Frequency of Monomeric Molecules of Various Compounds (cm” 


Tri methylsilanol eee ee 3702 Acetic acid 3578 
Methanol. 3683 Formic acid 3563 


tert-Butyl hydroperoxide . 3620 radical eevee 3480 


In accordance with our discussion above the frequency of the hydroxyl of the monomeric moleaile of 
hydrogen peroxide should also be found in the Raman spectrum in the region of 3622 cm” 1 (symmetrical vibra- 
tion) and in the infrared spectrum (antisymmetrical vibration) at a somewhat higher frequency. If we regard 
the frequency 3590 cm” ' in the infrared absorption spectrum as the frequency of antisymmetrical vibrations 

of the hydroxyls of the dimer ring of hydrogen peroxide, then in the hydrogen peroxide Raman spectrum the 
vibration frequency of these hydroxyls (symmetrical vibration should be somewhat lower, 


Let us now t arn to the question of the extent to which the optical manifestation of a quaternary carbon 
atom at one or other end of a carbon chain is preserved in the investigated hydroperoxide and peroxide, in which 
one of the C—C bonds of the quaternary carbon atom is replaced by a C—O atom. 


The presence of a quaternary carbon atom at the end of the chain of a hydrocarbon molecule is charac- 
terized by a set of fairly intensive lines — 746, 926, 1207, 1250 cm™'[15), The spectrum of the investigated 
hydroperoxide contains the frequencies 749, (10), 920(5), 1194(4), 1252(6b). As will be seen, the replacement of 
one of the C—C bonds of the quaternary atom by C—O, does not produce any essential change in the set of fre- 
quencies characteristic of this branching. In tert-butyl peroxide this set of frequencies is again largely preserved 
with some of them slightly higher: 77210), 9263), 1210(3), and the fourth split into two, 1241{3] and 
1274(4), The O-O frequency in tert-butyl hydroperoxide is close to that of hydrogen peroxide (884 and 877 cm” . 
respectively), and in tert-butyl peroxide it is split into two, 862 and 904 cm* *, 


The high symmetry of the tert-butyl peroxide molecule, as compared with the tert-butyl hydroperoxide 
molecule, results in a great simplification of the spectrum (the appearance of a large number of degenerate 
vibrations): whereas in the Raman spectrum of tert-butyl hydrope roxide 31 vibrations were observed out of a pos- 


sible 42 (for 16 atoms in the molecule), of the 78 possible vibrations of the tert-butyl peroxide molecule (18 
atoms in the molecule) only 22 were observed, 


Unlike other alkyl peroxides, tert-butyl peroxide has two quaternary carbon atoms in its natioviies 


CHy CHy 
CH,;- C- O-O-C-CH, 


CH, 


and it is for this reason that it is so very stable, for in its molecule the carbons adjacent to the oxygens are not 
attached to hydrogen and ¢o not carry double or triple bonds, so that under ordinary conditions (room tempera- 


ture) a chain oxidation reaction (which in other peroxides often occurs, leading to violent decomposition and ex- 
plosions) cannot readily occur. 


SUMMARY 


1, It is shown that tert-butyl hydroperoxide and tert-butyl pewxide can be prepared from isobutene. 


2. It is shown that in previous investigations insufficient account has been taken of the part played by hy- 
drogen bonding in hydrogen peroxide, of which tert-butyl hydroperoxide is a derivative (a fact that is amply con- 
firmed by the presence in the Raman spectrum of the frequencies associated with all of the analogous vibrations 
of the molecules of the two substances). A study of the Raman spectrum of tert-butyl hydroperoxide shows that 
hydrogen bonding occurs in this substance, The optical ¢haracteritistics of the hydroxyl group have been found for 
complexes formed from many molecules associated through hydrogen bonds (band with a maximum at 3403 cm™}), 
for the dimer ring (line at 345€ cm™~ . and for the monomeric molecuie (line at 3622 cm™ 4. This optical 
characterization was confirmed by a cryoscopic investigation. The degree of acidity of tert-butyl hydroperoxide 
was determined optically. It was shown that the optical characteristics of quaternary branching at the ends of the 
chains of tert-butyl hydroperoxide, tert-butyl peroxide, and the corresponding hydrocarbons were almost identical, 


mo 


3. The stability of the investigated peroxide is explained by its structural characteristics, 
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EXCHANGE AND CLEAVAGE REACTIONS OF QUATERNARY AMMONIUM SALTS 


COMMUNICATION 9. REACTION OF QUATERNARY AMMONIUM SALTS OF THE TYPE 


[R-O-CH,- 


! 
N~-]X WITH SECONDARY AND TERTIARY ALCOHOLS 
° 


V.N. Setkina, N. K. Baranetskaya, andD. N Kursanov 


We have shown previously [1, 2] that quaternary ammonium salts containing an alkoxymethyl group readily 
underge exchange reactions in which the alkoxymethyl group changes places with the hydrogen of the hydroxyl group of a 
primary alcohol, The reaction has been extended to phenols (3] carboxylic acids and their salts [4], ethers 5}, and 
esters (6]. It was of interest to determine whether the exchange reaction could be extended also to secondary and ter- 
tiary alcohols. We found no data on this in the literature, It was thought that the tendency of secondary, and particu- 
larly tertiary, alcohols to undergo dehydration might result in a change in the main directionof reaction, In our in- 
vestigation of the reactions of quaternary ammonium salts with secondary and tertiary alcohols, we have used 1- 


(alkoxymethy])pyridinium salts; 
[R-O-CH,N cl, 


in which CCH: 
R=-CH ; —-CH ; CH, 


CHy CH, CH, 


These salts were prepared by the condensation of the chloromethyl ethers of secondary alcohols with pyridine. 


The chloromethyl! ethers were prepared by a previously described method [7-10] and the constants of our products 
are given in Table 1, 


We were not successful in synthesizing chloromethyl ethers of tertiary alcohols, and we were unable to find 
evidence of the existence of such ethers in the literature. 


We investigated the exchange reactions of the quaternary ammonium salts with isopropyl alcohol, sec~buty! 
alcohol, cyclohexanol, 2-octanol, tert-butyl alcohol, and 2-methyl-2-butanol. Equimolecular amounts of the quat- 
ernary salt and the aicohol were heated at 100-120° for 10-16 hours, It was found that the reaction products were 
formals, so that, as in the case of the primary alcohols, the hydrox yl hydrogen of secondary and tertiary alcohols 
changes places wah the — radical in accordance with the scheme: | 


' 
Cl + HOR’ —* |H-N-]| Cl + R-O-CH,—-O-R’, 


When R and R’ were different, then, as in the case of primary alcohols [1€-18} the unsymmetrical formals under- 
went symmetrization, and all three possible formals were found among the reaction products: 


2R-O-CH,O-R' —> R-O-CH,-O-R + R'— O- CH, OR’. 


It should be noted that the yield of formals obtained from secondary and tertiary alcohols did not exceed 50-60% 
whereas primary alcohols gave formals in almost theoreticai yield, 


Table 2 gives the ccnstants of formals containing tertiary and secondary radicals which we have prepared 
by the exchange reaction. 


EX PERIMENTAL 


Reaction of 1-(Alkoxymethyl)pyridinium Salts with Secondary and Tertiary Alcohols 


The procedure used in the preparation of 1-(alkoxymethyl)pyridinium salts has been described previously (10). 


| 


TABLE 1 


Molecular Cl content (%) 
No. | Formula B.p. in °C 


Found Calc’d | Found |Calc’d 


1.0558 |1.4678 | 39.12] 38.84 | 23.66 | 23.46 


1 12.2 = 12.8° (12) 


cl* 
| CH, 


0.9742 1.4074 27.46 | 27.18 


Ncu-0- cH,Cl* 
CHS 


CH, 


27.7 - 28.0 (45) 32.28 | 32.66 


H-O-CH,Cl*** 98 - 99 (18) 0.9246 |1.4357 | 50.50] 50.27 19.60 } 19.84 


* Data in the literature: b.p. 75°(13-14 mm) (11); b.p. 183-185°, d§ 1.0712; dj? 1.0432; nh 1.4713 £12), 

** Data in the literature: b.p. 98-100°[13]; b.p. 101-102°(760 mm); 972 [14]; b.p. 9 
0.9790; 1.4592 [12]; b.p. 36° (45 mm); 101° (750 mm); dy? 0.9843; nf} 1.4095 [15]. 

eee Chlcomethy! 1-methyiheptyl ether is here described for the first a 


1, 1-(Cyclohexyloxymethyl)pyridinium Chloride (C,H,,OCH NC;H;)Cl and Cyclohexa-ol A mix- 
ture of 30.64 g (0.135 mole) of 1-(cyclohexyloxymethyl) pyridinium chloride and 13.47 g (0.135 mole) of cyclo- 
hexanol was heated at 100° for six hours under reflux. The reaction mixture was cooled and treated with water, and 
the upper, water- -insoluble layer was separated, washed several times with small amounts of water, and dried with 
calcium chloride. Fractionation yielded; 


Fraction b.p. 72-140°(15 mm); 0.6 g 
Fraction H, _ 140-145°(15 mm); 19.47 g 
A very slight residue’ 


Two further distillations of Fraction II yielded 18.0 g of a substance boiling at 135.0 - 135.5°(11 mm). Its 
constants and analysis (Table 2, No. 1) show tha: this substance was pure dicyclohexyl formal. The yield was hy Ro) 


Data in the literature: 279-280°(760 mm); at 0.9716; np 1.470; [19]; b.p. 139-140° (14 mm); ¢@! 0.9741; n ny 
1.4702 [11]. 


CH 

CH-O-CH,NC;Hs)Cl and 2-Octanol 

CeHis 

A mixture of 14.42 g (0.056 mole) of 1-(1-methylhe ptyloxymethyl)pyridinium chloride and 

7.29 g (0.056 mole) of 2-octanol was heated at 110° for 16 hours and then treated as in the preceding experiment 
Fractional distillation yielded; 


2. 1+ 1- Methylhe ptyioxymethyl) pyridinium Chloride ( 


Fraction »b.p. 58-149°(8 mm); 2.39 g 
Fraction II, b.p. 149-155°(8 mm); 7.88 g 
A very slight residue 


Further distillation of Fraction II yielded a substance (7.02 g) boiling at 152.5-153.0°(9 mm), and its 
mplecular refraction and analysis showed that it was bis(1-methylhepty]) foisnal (Table 2, No. 6). The aay was 
46.07%. Data in the literature: b.p. 175-177°(16 mm); a’ 0.8499 [20]. 


3. 1-(Cyclohexyloxyme thy])pyridinium Chloride (CsHyyOCH, NCsHs)Cl and sec-Butyl Alcohol 
CH,CHOH~CH,~CH;. A mixture of 76.81 g (0.34 mole) of 1~(cyclohexyloxymethyl)pyridinium chloride and 
25 g (0.34 mole) of sec-butyl alcohol was heated at 120-125° for 12 hours. The reaction products were treated 
as in the preceding experiments. Fractional distillation yielded: 


Fraction L b.p. 60-70° (20 mm); 11.48 g 
Fraction Il, b.p. 70-100°(20 mm); 0.93 g 
Fraction IIL b.p. 100-115*(20 mm); 22.71 g 
Fraction IV, b.p. 115-148°(20 mm); 0.80g 


Fraction V, b.p. 148-152°(20 mm); 9.35 g 
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TABLE 2 
B.p.in’C . 
No. Formula of formal refraction 


OCH, OC, Hy, 135.0-135.5 (11) 1.4703 
CHs 
H-O-CH,-O-CH 55.5-56.0 (81) 1.3842 
CH 
CH 
CH-O-CH;— O-CgHy, 10.0-70.5(6) | 0.9089 1.4370 
CH,” 
CH; 
cH-0- 0- CHE 60.5-60.8 (17) 1.4124 


CH; 


CoH 
128 -129 (29) 0.8351 : 1.4204 . 65.62 


CH,;-C-O-CH,-O-C-CH, | 0.8306 1.3982 46.60 


Ns 
71.1-71.5(96) | 0.8223 | 1.3930 42.44 
CH; CH; 


CH 
SEN 
10° —C-O-CH,~O- 119,5-120.5 (23) | 0.9103 1.4453 . 58.60 


¢ Formals prepared for the first time 
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As the result of further distillations three substances were isolated; 


Substance 1. b.p. 60.5-60.8°(17 mm); 10.00 g 
Substance 2, b.p. 99.5-101° (15mm); 21.218 
Substance 3, b.p. 144.5-145° (15mm); 8.90g 


Substance 1 was di-sec-butyl formal (Table 2, No. 4); data in the literature: b.p. 157° (730 mm) [21]. 
Substance 2 a sec-butyl cyclohexyl formal (Table 2, No. 5). Substance 3 was dicyclohexyl formal having 
2? 0.9706; nj§ 1.4709; found MR 61.15, the constants found being close to those already found for this com- 
(Table 2, No. 1). 


Under the conditions of the reaction, therefore, the initial product, sec-butyl cyclohexyl formal, under- 
went partial symmewization with formation of di-sec-butyl and dicyclohexyl formals. The overall yield of 
formals(calculated as unsymmetrical formal) was 63.8%, Taking the total yield of formals as 100%, we obtained; 


Di-sec-butyl formal — 24.9 % 
sec-Butyl cyclohexyl formal — 52.9% 
Dicyclohexyl formal 22.2% 


4. j1)pyridinium Chloride (C,H, ,OCH,NC<H.<)C1 and Isopro 
A mixture of 75.8 g (0.33 mole) of 1-(cyclohexyloxymethyl)pyridinium chloride and 20 g (0.33 mole) of isopropyl al- 
cohol was heated at 100° for 18 hours. The mixture was cooled and then treated as in the preceding experiments. 
Fractional disullation yielded; 


1) Diisopropyl formal: b.p. 55.5-56° (81 mm), 5.84 g (Table 2, No. 2). Data in the literature: b.p. 55.5- 
56° (81 mm); 5.84 g (Table 2, No. 2), Data in the literature: b.p. 118.5%, d° 0.831 [22]; b.p. 118° [21]; b.p. 120.5- 
121° (765 mm); 0.8181; nj, 1.38413 [23]. 


2) Cyclohexyl isopropyl formal: b.p. 70-70.5°(6 mm), 16.56 g (Table 2, No. 3). 
3) Dicyclohexyl formal: b.p. 152.5-153.0°(20 mm); 9.32 g; dg’ 0.9695; nj} 1.4705; found MR 61.08 


Found %: C 73.60; H 11.39 
Calculated % C 73.73; H 11.42 


The yield of formals, calculated as unsymmetrical formal, was 55.3%. Taking the total yield of formals 


as 100%, we obtain.d 18.4% of diisopropyl formal. 52.2% of cyclohexyl isopropyl formal, and 29.4% of dicyclohexyl 
formal. 


1-(Isopropoxymethyl)pyridinium Chloride and tert-Butyl Alcohol ((CH;);COH. 
A mixture of 72.60 g (0.39 mole) of 1-(isopropoxymethyl)pyridinium chloride and 28.67 g (0.39 mole) of tert- 
butyl alcohol was heated at 100° for 14 hours. The reaction products were treated as in the preceding experiments. 
The mixture of formals was fractionated through a 25-plate column, and the followhg formals were obtained: 


1) Diisopropyl formal: b.p. 59-59.2°(97 mm); 11.27 g; dq’ 0.8183; nj} 1.3848; found MR 37.84. The 
constants found were close to the reported values (Table 2, No. 2). 


2) tert-Butyl isopropyl formal: b.p. 71.1-71.5° (96 mm), 10.65 g (Table 2, No. 9). 


3) Di-tert-butyl formal: b.p. 77-79.5°(96 mm), 5.82 g (Table 2, No. 8). Data in the literature: 
b.p. 182-185* [24]; b.p. 50-52° (18 mm); dq? 0.8260; ni} 1.39904 [25], The yield of formals, calculated as un- 
symmetrical formal, was *9.0% Taking the total yield of formals as 100%, we obtained 40.6% of diisopropyl] for- 
mal, 38.4% of tert-butyl isopropyl formal, and 21.0% of di-tert- clin formal. 


6. 1-(1-Methylheptyloxymethyl)pyridinium 


(CH,),COH. A mixture of 57.70 g (0.22 mole) of 1-(1-methylheptyloxymethyl)pyridinium chloride and 16.59 g (0.22 
mole) of tert-butyl alcohol was heated at 120° for 17 hours. Fractional distillation resulted in the isolation of the 
following substances: di-tert-butyl formal, b.p. 83-84° (99 mm), 2.31 g, the constants found being close to those 
already found for this compound (Table 2, No. 8); tert-butyl 1-methylheptyl formal, b.p. 128-129° = mm), 12,50 g 
(Table 2, No. 7); and big 1-methylheptyl) formal, b.p. 183.5-184.5° (27 mm), 11.20 g, &° 0.8414; n np 1,4323; found 
MR 84.02, the constants found being close to those found previously (Table 2, No. 6). 


O-CH,NC;Hs)Cl and tert-Butyl Alcohol 


The yield of formals, calculated as unsymmetrical formal, was 53.7%. Taking the total yield of formals as 


| 


100%, we obtained 8.9% of di-tert-butyl formal, 48.0% of tert-butyl 1-methylheptyl formal, and 43.1% of bis (1- 
methylheptyl) formal. 


1. 1-(Cyclohexyloxymethy!)pyridinium Chloride (C,H,,OCH; NCsH5)Cl and 2-Methyl-2-butanol 
CH; 


COH-CH,—CHy. A mixture of 61.26 g (0.27 mole) of 1-¢¢yclohexyloxymethy!)pyridium chloride and 
-CHS 23.71 g (0.27 mole) of 2-methyl-2-butanol was heated at 110-115° for 16 hours. The reaction products 


were treated as in the preceding experiments. Fractional distillation resulted in the isolation of the 
following formals: 


1) Cyclohexyl 1,1-dimethylpropy] formal, b.p.119.5-120.5° (23 mm), 5.27 g (Table 2, No. 10). 


2) Dicyclohexyl formal, b.p. 155,5-156.5° (27 mm); 0.9693; nj§_ 1.4702; found MR 61.14, The con- 
stants are close to those given in Table 2, No. 1. The yield was 8.83 g. 


The yield of formals, calculated as unsymmetrical formal, was 26.2%. An appreciable amount of pentene 
isomers was also obtained, 


SUMMARY 


1, It was shown that in the reaction of quaternary ammonium salts of the type (R~ O-CH, — N-)X 
with secondary ard tertiary alcohols formals are formed. 


2. When the radical R of the alkoxymethy] group of the quaternary ammonium salt is the same as the 
radical of the alcohol, symmetrical formals are obtained, but when these radicals are different, three formals, 
two symmetrical and one unsymmetrical, are formed, The yield of formals was 50-60%, 


3. Some of the formals have been prepared and described for the first time, namely: cyclohexyl iso- 


propyl, sec-butyl cyclohexyl, tert-butyl 1-methylheptyl, cyclohexyl 1,1-dimethylpropyl, and tert-butyl iso- 
propyl formals. 
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MACROMOLECULAR COMPOUNDS 


COMMUNICATION 77, DEPENDENCE OF THE PROPERTIES OF ALIPHATIC 
POLYAMIDES HAVING “EVEN” REPEATING UNITS 
ON THE STRUCTURE OF THE REPEATING 

UNIT 


V. V. Korshak and T. M. Frunze 


In a previous communication we pointed out that melting points reported in the literature for somepolyamides 


are incorrect [1]. For example, Coffman at.d coworkers (2) state that the melting point of 6,8-nylon (polyhexamethyl- 


enesuberamide) is 185°, whereas in fact this polyamide melts at 225° (1). 


The correct melting points, as determined by us, for some pclyamides derived from 1,6-hexanediamine and 
dicarboxylic acids having even numbers of carbon atoms in their molecules are given in Table 1. 


In this table the proportion of amide groupings in the macromolecular 
chain is given as a percentage of the number of methylene groups, It was 
found that when the dependence of the melting points of these polyamides 


on the proportion of amide groupings was represented graphically, the straight 
line shown in Fig. 1 was obtained, 


This straight line is described by the following equation; 


y = 7x + 110 


in which y is the melting point (°C) and x is the number of amide groupings 
expressed as a percentage of the number of methylene groups. 


By the use of this equation we have calculated the melting points of 
' some polyamides derived from “even’ diamines and “even” dicarboxylic 
io 20 30 acids, and also of polyamides derived from “even” (the term refers to the 


Proportion of amide groupings number of methylene groups) w-amino acids and, comparing the results with 

data reported in the literature [3] we have in some cases obtained good 
agreement between our calculated values and the values determined experi- 
mentally. as can be seen from Table 2. 


Fig. 1 (%) 


TABLE 1 ; In other cases the agree- 
Melting 


Points of some Polyhexamethylenealkanediamides [1 


Amide/methylene cuentas of the order of 5, 10, 
and 15° are obtained. 
ratio (mole-%) 


Polyamide | Formula 


On the basis of the data 
20.00 
in Table 2, we are inclined to 
16.66 
14.28 attribute the difference between 
2 the calculated and experimentally 


determined values of the melting 
point to errors in the determination, possibly due to the presence of impurities, such as cresol, which lower the 


melting point. By the use of the equation giver above it is possible to calculated the melting points of polyamides 
that have not yet been prepared, and also to correct melting points, when this is necessary. Results obtained in 
this way for polyamides derived from even diamines and even dicarboxylic acids are given in Table 3. 


6,6-Nylon | [—NH(CH,),NH-CQ(CH;),CO-Jx | 250° 
6,7-Nylor | 225 
6,10-Nylon ; [— NH(CH,),NH CQ(\CH, 


An interesting featuze of the law that we have discovered is that the melting points of these polyamides do 
not depend on the way in which the methylene and amide groups are arranged in therepeating unit of the macro- 


molecule, but depend only on the relative numbers of these groups, as can be seen from the Jata in Table 4 in which 
examples are given that illustrate this law. 


v4 

| 


ui 


TABLE 2 


Calculated and Experimentally Determined Melting Points of some Polyamides 


Meltine 
Calecula- 
ted from 


Polyamide 


6.6-Nylon 
4.8-Nylon 
7-Nylon 
6,8-Nylon 
6,10-Nylon 
9-Nylon 
8,10-Nylon 
11-Nylon 
17-Nylon 


Formula 


[—NH(CH,),NH 
[-NH(CH,CO-}, 
[— 

[— NH(C#,) 


Calculated Melting Points of some Polyamides 


Diamine 


1,4-Butanediamine 


1,6-Hexanediamine 


1,8-Octanediamine 


1,10-Decanediamine 


TABLE 4 


Oxalic 
Succinic 
Adipic 
Sebacic 
Oxalic 
Succinic 
Oxalic 
Succinic 
Adipic 
Suberic 
Oxalic 
Succinic 
Adipic: 
Suberic 
Sebacic 


Melting Points of Polyamides of Different Suucture 


Amide/ methylene ratio (mole-%) 


Melting point 


Not prepared 


280 
232 

Not prepared 
210 


Not prepared 


235 
202 
Not prepared 


230 
Not prepared 
194 


Formula 


9-Nylon 
8,10-Nylon 
1-Nylon 


[—NH(CH;),CO—}, 
[—NH(CH,),CO—}, 


Calculated 


6,8-Nylon 
6,6-Nylon 
4,8-Nylon 
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| 
/ | 
250 | 20.00 
250 250 | 20.00 
£26 225 16.66. 
210 210 14.28 
197 197 12.50 
; 180 130 . 10.00 
153 150 6.25 
TABLE 3 
= 
Found | 
460 
| 343 
285 
226 
285 
285 
250 
226 
250 
225 
210 
|: 
187 
| 
Amide/ methylene ratio M.p.('C) 
mole-% 
12.50 195 
16.66 223 
20.00 250 


The amide groupings, therefore, would appear to take part in the formation of cross links between the chains 
of different macromolecules, thus impeding the separation of the chains and making it necessary to expend a con- 


siderable amount of thermal energy in bringing about the separation of these chains; this behavior is manifested by 


a rise in melting point that is proportional to the proportion of amide groupings. There can be no doubt that it is 
not the presence of the amide groupings, as such, that is important, but their ability to interact with one another 


with the formation of hydrogen bonds according to the scheme 


| 
9 


e 

so that a network of linkages is formed between the various macromolecules. These linkages are arranged in a 
plane, which is inclined at a certain angle to the axis of the macromolecule. 


The good agreement between the calculated and experimentally determined proportions of amide groupings 
{n the polyamides listed in Table 5 indicates that in these polyamides all of the amide groupings in any given 
macromolecule are hydrogen-bonded to amide groupings in neighboring macromelecules, 


The possibility of the formation of hydrogen bonds is determined mainly by the stereochemistry of the macro- 
molecules, Thus, in mixed polyamides, even when derived from even diamines and even carboxylic acids, not all 
of the amide groupings can take part in hydrogen bonding, and this fact is reflected in the melting points, as can 
be seen from the examples cited in Table 6. This table gives the nelting points of mixed-polyamide systems 
that we have investigated, namely, those prepared from 1,6-hexanediamine adipate + 1,6-hexanediamine suberate 
(HA + HSub) and from 1,6-hexanediamine adipate + 1,6-hexanediamine sebacate (HA + HSeb). 


TABLE 5 


Proportions of Amide Groupings, Experimentally Determined and Calculated, in various Polyaizides — 


Polyamide 


Amide/ methylene ratio (mole-% 


Determined Calculated 
from the from the 
empirical 


formula 


17-Nylon 
11-Nylon 
8,10-Nylon 
9-Nylon 
6,10-Nylon 
6,8-Nylon 
7-Nylon 
4,8-Nylon 
6,6-Nylon 


ose 
lI 
| i 
M.p. 
150 5.71 6.24 | { 
180 10.00 10.00 
197 12.43 12.50 
195 12.14 12.50 
210 14,28 - 14.28 
223 16.14 16.66 
250 20,00 20.00 
250 20.00 20.00 
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TABLE 6 
Melting Points of Mixed Polyamides (°C) 


Starting substances - Molar ratio of starting substances 


0.2+0.8 | 0.0+1.0 
HA + HSub 250-252 | 230-237 210-215 197-203 | 210-213 | 225-227 


HA + HSeb 250-252 220-227 190-197 | 190-195 185-186 190-195 | 210-212 


If, in fact, we represent diagramatically a planar array of macromolecules of single-component polyamides 
from the salt HA (Scheme 1) (or from the salt HSc!) and also of macromolecutes of the mixed polyamide 
¢ from the salts HA + H5eb (Scheme 2), then it can be readily seen that in Scheme 1 all the amide group- 


incs can form hydrogen bonds (dotted lines), whereas in Scheme 2 not every amide grouping can form a hydrogen 
bond. 


Scheme 1 


In considering mixed polyamides we must now distinguish between the numter of amide groupings and 
the number of hydrogen bonds, for they are not identical, the former being always greater than the latter. 


For such cases we may cast our proposed equation into a more g2neral form: 


y = 7z* 110- 
in which z = kx, the coefficient k being the fraction of the amide groupings that is hydrogen-bonded. 


From the experimentally found melting points we may calculate the number of hydrogen bonds (per 100 
methylene groups), compare it with the number of amide groupings, and determine what percentage of these 
toupings are free. These free amide groupings, which are not bound by hydrogen bonds, evidently play an in- 
significant part in determining the properties of the given polymer. In Table 7 these quantities are given for 
the (HA + HSeb) system of mixed polyamides already given in Table 6. — 


TABLE 7 


Proportion of Hydro g=n- bonded Amide Groupings in the System (HA + HSeb) 


Molzr proportions M.p.(°C) No. of hydrogen Naof amide) No.of amide 
of ori_inal substances bonds per 100 groupings groupings that are 
HA+HSeb methylenes per 100 not hydrogen-bonded 
: methylenes | (per 100 | (per 100 
methylene 


1.0+0.0 
0.8+0.2 
0.6+0.4 
0.4+0.5 
0.4+0.6 
0.2+0.8 
0.0+1.0 


Y 
derive 
NH fe) NH co 
Scheme 2 
cc co Net 
NA co 0 
4 f 4 
250 20.00 ; 20.00 0.0 0.0 
220 15.71 : 18.82 15.17 2.81 
190 11.43 t «17.24 33.71 5.81 
190 11.43 16.66 31.40 5.23 
185 10.71 16.13 33.61 5.42 
190 11.43 15.15 24.56 3.72 
210 14.28 14.28 0.0 0.60 
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of methylene groups —Publisher. 


The effect of stcreochemical factors is pzrticularly clear in polyamides derived from odd amino acids, dia- 
mines, and dicarboxylic acids, and this matter will form the subject of the next paper. 


In conclusion we will consider some of the inferences that can be made from our ;roposed equation: 


y = 7x +110, 


When x =0,y = 110°, so that the graph intersects the axis at the point corresponding to the melting points of poly- 
ethylene, which has a polymethylene chain free from amide groupings. When x = 1,y = 117, so thatincrease in — 
the number of amide groupings by one per 100 methylene groups results in a rise in the melting point of the polya- 
mide of 7, When x 1%, y so that for 2,2-nylon (polyethyleneoxamide)CO, CO, NH (CH,)NH— 
the meltinz point 1s so high that the compound decomposes long before this temperature is reached. 


On the basis of these considerations, all aliphatic straight-chain polyamides can be regarded as copolymers of 
ethylene(CH. = CH,) and isocyanic acid (H—N=C =Ojpnd in general their structure can be represented as (CH,= 
CH;),;(CONH),. The mutual arrangement of these components has no effect on the melting point. as can be seen 


by a comparison of polyamides derived from -amino acids with those derived from dicarboxylic acids and dia- 
mines. If the 


as can be seen front Satie 


It must be stated in conclusion that the laws that we found relating the properties (melting point, solubility, 
etc.) of polyamides derived from w-amino acids or from diamines and dicarboxylic acids with their structures, al- | 
ways provided that the molecules of the starting substances contain even numbers of methylene groups, present an 
example of simpie and exact relationships that is very rare in the field of macromolecular compounds. 


SUMMARY®* 


1, The dependence of the melting point of an aliphatic polyamide on the relative numbers of amide and 
methylene groups in the repeating unit is examined. 


2. It is shown that as the amide-methylene ratio of an aliphatic polyamide increases, there is a proportional 


increase in the melting point. 


3. An equation is proposed which describes the dependence of the melting point of aliphatic polyamides on 


the amide-methyle.e ratio. 


4. It is shown that the melting point of an aliphatic polyamide does not depend on the distribution of re 


lene and amide groups within the repeating unit, but only on the relative numbers of these groups. 


5. The results are interpreted on the basis of the view that hydrogen bonding occurs between amide groupings. 
6. It is shown that in mixed polaymides not all of the amide groupings are able to form hydrugen bonds. 
7. It is suggested that aliphatic polyamides may be regarded as copolymers of ethylene and isocyanic acia, 


N. D. Zelinsky Institute of Organic Chemistry of the 
USSR Academy of Sciences 
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* Note that this summary refers essentially . polyamides derived from components having an even number 


°¢ T.p. = C. B. Translation pagination. 


SH J is the same for two or more polyamides, then their melting points will be equal, 


= 


| | 

| | 
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MACROMOLECULAR COMPOUNDS 


COMMUNIC? TICN 13, DEPENDENCE OF THE PROPERTIES OF ALIPHATIC POLYAMIDES HAVING "ODD" REPEATING 
. UNITS ON THE STRUCTURE OF THE REPEATING UNIT 


V. V. Korshak and T. M. Frunze 


In the preceding communication [1] we examined the dependence of the properties of polyamides having “even* 
repeating units on the structure of the repeating unit. It was found that there fs a linear relationship between the melt- 


ing point of the polyamide and the number of hydrogen bonds formed by amide groupings (relative to the number of methy- 
lene groups): 


y = 7x +110, 
in which y is the melting point (°C) and x is the number of hydrogen bonds formed per 100 methylene groups. 


With the aid of this equation we calculated the melting points of a large number of polyamides, and for many of 
them there was good agreement between observed and calculated values. For other polyamides, however, such agree- 
ment was not observed, and this was evidently to be explained, in the case of polyamides having even repeating units, 
by errors in the data given in the literature, as we succeeded in showing by our own experiments on 6,8-nylon (poly- 


hexamethylenesuberamide),, 6,9-nylon, 6,7-nylon, and other polyamides (2). By the use of the ~~ equation, we 
calculated melting points for known and unknown even polyamides (1). 


However, an attempt to apply this equation to the large group of potpsintiies having odd repeating units — in which 
if derived from a diamine and dicarboxylic acid, at least one of these has an odd number of methylene groups and, if 
derived from an amino acid, this acid has an odd number of methylene groups— was unsuccessful. In the table we cite 


melting points from the literature [3] and give our calculated melting points for some polyamides having odd repeating 
units, 


A first glance at Table 1 leads us to suspect that the melting point reported for 4,13 nylon (No. 7) is too high. 


The compounds may be divided into four groups according to the extent to which the amide groupings are hydrogen 
bonded. 


The first group comprises polyamides in which about 50% of the amide groupings are hydrogen-bonded (No. 9, 11. 


24). 


The second group comprises polyamides in which about 75% of the amide groupings are hydrogen-bonded (No. 1 
2,4,8,10,12,13,14,16,18,21,25). 


The third group comprises polyamides in which about 85% of the amide ie hes are eisai tesebill (No. 3,5. 
15, 19,22,23). 


The forth group comprises polyamides in which more than 90% of the amide groups are hydrogen-bonded (No. 6,7. 
17,260,208). 


Within each group there are certain resemblances between the individual compounds. 


The first group includes polyamides in which both the original diamine and the original dicarboxylic acid have 
odd numbers of carbon atoms, which clearly corresponds to a distribution of amide groupings in which only one-half can 
form hydrogen bonds, as can be seen by reference to the example of 5.7-nylon (No. 9), the hydrogen bonding of which 


is shown diagrammatically below: 


WH 


— 


T.“BLE 1 
Observed and Calculated Melting Points of Polyamides having Oad Repeating Units 


Polyamide Meltin= point (C\ No. of amide | No. of hydro- Percen- 


Experimentally Calculated croupinss per bonds tage of 
determined from the 100 methy- | per 100 amide 
proportion | lene groups methylene group- 


of amide groups ings 
groupings that 


are 
hydro- 
bonded 
[— 250 20.00 15.00 
NH(CH,‘;CO-}, 210 : 14,28 9.71 
[—NH(CH,,CO— }, 187 11.11 9.28 
265 22.22 17.57 
[— NH(CH,\\NH*CO(CH,1CO~}, 237 18.18 | 16.14 
[— NH(CH;),NH*CO(CH, 217 15.38 14.98 
[— | 209 203 13.33 14.28 
- | 223 265 “22.22 16.14 
[— NH(CH,},NH-CO(CH,),CO~}, j 183 250 20.00 10.43 
NH(CH,}, NH"CO(CH, | 202 237 18.18 13.14 
[— 178 226 16.66 9.71 
| 
| 


de 


195 217 15.38 12.14 
[—NH(CH;, }, 175 203 13.33 9.00 
| 176 197 12.50 9.43 
[—NH(CH,),NH-CO(CH,)pCO-}, | 178 192 11.76 9.71 
| 167 183 10.52 | 8.14 
| 167 170 8.69 8.14 
[—NH(CH;),NH-CO(CH,),CO—},, 202 237 18.18 13.14 
205 217 15.38 13.57 
[—NH(CH,);NH-CO(CH,),CO—}, 226 237 18.18 16.57 
| [—NH(CH,);NH-CO(CH,),CO-} , 196 226 16.66 12.28 
[— 187 203 13.33 11.00 
[—NH(CH, 163 197 12.50 7.57 
[—NH(CH,)yNH-CO(CH,)CO-}, | 175 192 11.76 9.28 
[—NH(CH,)yNHCO(CH;);CO-}, | 172 176 9.52 | 8.86 


A peculiarity of these macromolecules is that they are not symmewical with respect to the axis of the mole- 
cule, since the CO and NH groups are each disposed on one side only of the molecule, so that if they have the other 
possible mutual arrangement in the plane no hydrogen bonds can form: 

NH NH NH NH NH 


KAMARA 
NH NH 


The second group includes polyamides in which one of the qungitnen- th diamine or dicarboxylic acid — 
has an odd number of carbon atoms, and the other component has an even number of carbon atoms. As exceptions 
there are some compounds in which both components are odd, their pres2nce here being associated, possibly, with 
errors in the determination of the melting points or with a general tendency for the melting point to rise with in- 


crease in the length of the repeating unit. This group contains also some polyamides derived from w-amino acids 
containing odd number of methylene groups in their molecules. 


The scheme of hydrogen bonding in one of the members of this group is shown below: 


4 
‘ 
| 
8 
9 
10 
11 
12 
13 
14 
1s | 
16 | 
17 
18 | 
19 
20 
21 
22 
| 23 87.25 
24 : 49.22 
25 + 78.91 
26 | 93.06 
| 
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NH 
NH 


NH co . RH 


The hydrogen bonds in 5,6-nylon, which is shown in the diagram, alternate in pairs, but the intermediate 
pairs of amide groupings also form hydrogen bonds, though they are weaker owing to the greater cistance of the 
groups with which they are linked, It would appear that two weak hydrogen bonds of this sort have the same effect 
as One normal hydrogen bond, so that the overall result is the same as if 75% of the amide groups formed hydrogen 
bonds. The possibility that this might occur was pointed out by Champetier and Aslion [4). 


Polyamides derived from amino acids having an odd number of methylene groups have molecules of the 
vector type, f.e. the arrangement of groups differs according to the direction in whica the molecule is examined - 
from right to left, or from left to right. The number of hydrogen bonds formed will therefore differ according as 
all the macromolecules are turned in the same direction or are turned alternately in different directions. In the 
first case only one-half of the amide groupi1zs can form hydrogen bonds (!), whereas in the second case all can 
form hydrogen bonds (II), as shown below for 6-nylon (polycaprolactam): 

NH co NH co NH 


° NH 
NH 


NH (+) NH 


0 
NH co NH ae NH 


H 


NH NH 


It would appear that the first variant represents the normal arrangement of molecules (I), and the amide groupings 
that are more widely separated form weaker hydrogen bonds, as shown above for other polyamides of the second 
group. 


The third group includes polyamides of the same types as those found in the second group, but the polymers 
of the third group are derived from starting substances having longer chains. There are no other peculiarities of 
structur2 distinguishing this group from the second. It is probable that a longer repeating unit permits the form- 


ation of a larger number of hydrogen bonds on account of the greater mobility of the macromolecule chain and the 
possibility of the folding of individual chains. 


The fourth group includes substances derived from compounds having still longer chains, so that still more 
amide groupings can form hydrogen bonds. This group includes 5,20- and 10,13-nylons. 


Increase in the lengths of the molecules of the original reactants, therefore, facilitates the formation of hy- 
drogen bonds between amide groupings, and it may be expected that, shen the repeating unit is sufficiently long. 
even polyamides derived from odd diamines and dicarboxylic acids will be able to form hydrogen bonds with the 
participation of all the amide groupings present, so that complete agrecment will be found between the observed 


and calculated melting points. 
SUMMARY 


1, The relationship between the properties of polyamides having odd repeating units and the structure of 
their repeating units is examined. 


2. It is shown that in polyamides having odd repeating units not all of the amide groupings are able to form 
hydrogen bonds. : 


3. It is shown that lengthening of the molecules of the original monomeric reactants creates more favor- 
able conditions for the hydrogen bonding of the amide groupings of polyamides. 


N. D, Zelinsky Institute of Organic Chemistry 
of the USSR Academy of Sciences 
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BRIEF COMMUNICATIONS 
CATALYTIC INERTNESS OF AMORPHOUS NICKEL IN THE HYDROGENATION OF 


BENZENE AND THE DEHYDROGENATION OF CYLCOHEXANE 
A. M. Rubinshtein, L. Kh. Freidlin, and N. V. Borunova . 


While studyirgthe effect of the conditions of calcining a mixture of nickel and alur-2aum hydroxides 
on the activity of the Ni-A1,O, catalyst derived from the product, we came across an interesting example of 
the formation of inactive nickel catalysts of amorphous structure, 


A catalyst containing 30% of nickel and 70% of alumina was prepared via the aluminate from molar 
solutions of nickel and aluminum nitrates and 30% caustic soda solution. The washed precipitate was dried at 
110-120° and then formed into a 3 x 3 mm cylinder. One series of catalysts was prepared from the above- 
described mixture of hydroxides by calcining separate portions for 6-12 hours at 300°, 350°, and 425° and then 


reducing them with electroiytic hydrogen at 350°. Another series was prepared directly from the mixture of 
hydroxides, which was dried at 120° and then reduced at 350°. 


The activities of the catalysts were characterized by the extent to which they promoted the hydro- 
genation of benzene (120°; space velocity 0.3 liter per liter per hour) and the dehydrog=nation of cyclohexane 
(300° ; space velocity 0.3 liter per liter per hour). The reaction product was analyzed refractometrically. 


The above-described series of catalysts were prepared several times. Usually their activities were 
satisfactorily reproducible and prior calcination of the original NiO- Al,O, mixture at 425° had no appreciable 
effect. In these catalyst samples the crystallinity of the two components was established by X-ray analysis. 


The catalysts numbered 1 to 4 in the table, which were prepared by the same method, behaved quite _ 
differently. The table shows that catalysts prepared from a mixture of nickel and aluminum oxides calcined 
for 10-12 hours at 425° (No. 1, 2, and 3) or even 350°:(No. 4) and then reduced with hydrogen at ordinary pres- 
sure (No. 1) or at a pressure of 500 atm (No. 2, 3. and 4) were completely inactive in the hydrogenation of i 
benzene and the dehydrogenation of cyclohexane. The uncalcined catalysts, after reduction with hydrogen at 
ordinary pressure (No. 6) or at 500 atm (No. 7 and 8), were fairly active. It was clear that the difference in 
activity could be caused only by the difference in the preweatment of the mixture of oxides (low-temperature 
drying, on the one hand, and calcination, on the other). Catalyst No. 5, which received a preliminary calcina- 
tion at 300° and was reduced with hydrogen under pressure, was also active. All these catalysts gave X-ray 
diffraction patterns in which there was a fairly intense even background and (with the exception of catalysts 
No. 1 and 4) some lines of low or very low intensity corresponding to the interplanar spacings (d) shown in the . 
table. When these results are compared with data given in tables for Ni[1] and y-Al,O, [2], it is readily 
seen that the X-ray photographs obtained from the catalysts did not give the complete diffraction pictures 
of Ni and Al,0,; moreover, the lines were much weaker than those given by the pure substances owing to their 
mutual dilution in the mixture and their imperfect crystallinity. None of the lines was in the form of a doublet. 
Also, the lines corresponding to d = 1.98-2.04 A, 1.75-1.77 A, and 1.24 A could have been formed both by re- 
flection from Ni crystals and by reflection from y - Al,Oy crystals. Some of the departures from the values of 
d given in tables could have resulted from defects in the crystals themselves and from high experimental errors ql 
arising from the diffuseness and low intensity of the lines obtained. When the structural data are considered 
together with the data on the activities of catalysts No. 1 and 4 (amorphous) and No. 2 and 3, it is found that. 
in the last two catalysts also, the nickel was either amorphous or in “he form of crystals having linear dimensions 
below the limit of resolution of the X-ray structure method; y-Al Os, on the other hand, was present in a crystal- 
line form. In catalysts No. 5-8 each component was present partly in the amorphous and partly in the crystal- 
line form. Before being reduced, the calcined mixture of oxides gave an amorphous photograph, which is in 
accord with the results of other workers [3]. It was thus shown that the catalytically inert samples were amor- 
phous to X-rays. The ar. orphous nickel could have arisen during calcination by reaction between NiO and 
A1,0, with formation of the spinel NiAl, 0, the structure of which would be broken down in the subsequent 
treatment with hydrogen with the separation of nickel and alumina. Under these conditions of formation, 
nickel atoms are not able to associate together to form crystals of appzeciable size. 
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TABLE 


Catalyst | Calcination conditions Conditions of Dehydration j- Lines on 
No. Tempera- Duration reduction at of cyclo-:« X-ray 
| ture (°C) (hours) 350° zene at 1204 hexane at diffraction 
Duration | Hydrogen 300° (%) photographs 
(hours) pressure of catalysts 
. (atm) d in A) 
1 425 10 26 1 ° 0.0 o lines present’ 
425 10 1 500 0.0 1.98; 1,77 
3 425 10 10 500 0.2 ° 2.44; 2,03; 
1.75; 1.59 
4 350 12 5 500 0.0 ° o lines present 
5 300 6 5 560 38.4 : 1.98; 1.76 
6 120 6 26 1 - 62.0 2.01 
7 6 
8 6 


2 500 30.2 - 1.99; 1.50 
5 500 96.8 61.0 2.04; 1.76; 


1.60; 1.49; 
1.30; 1.24 


A temperature of 350-425° apparently represents a lower limit for chemical interaction bet ween NiO and 
A1,0y. for calcination at 300° has almost no effect on the activity of the catalyst, It may be considered that the 
temperature at which reaction between NiO and y -A1,0, begins is not below this level, Such a low temperature 
(see [3) for the formation of a spinel is probably to be explained by the large surface of contact of the components 
resulting from the homogenization of the mixture of hydroxides under the influence of some factors operating dur- 
ing the precipitation process which we have not taken into account, 


According to the multiplet theory of catalysis [4], owing to tne absence of structural correspondence between 
the catalyst and the reacting molecule, randomly distributed nickel atoms are unable to accelerate the hydrogena- 
tion of benzene or the dehydrogenation of cyclohexane, It might be expected, however, that the hydrogenation of 
aC =c bond would occur on such a catalyst, i.e. that a reaction of the doublet type would occur. It was, in fact, 
found that, in presence of catalyst No. 4 calcined at 350° for 12 hours, 3-octene treated at 130° at a space velocity 
of 0,2-0.3 was hydrogenated to the extent of 67-69%, For the hydrogenation of a double bond, therefore, the cat- 
alysts containing amorphous nickel were found to be active. This may be explained by the occurrence on the sur- 
face of pairs of nickel atoms separated by a distance of about 2.49 A, which is the distance necessary for the doublet 
adsorption of an olefin [(5}. 


Our observations on this case of the formation of nickel-alumina catalysts containing amorphous nickel show 
that in the preparation of catalysts of this type it is necessary: to avoid the formation of homogeneous systems during 
the precipitation of the hydroxides. 
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CYANOETHYLATION OF ORGANOSILICON AMINES 


V. F. Mironov, A. D. Petrov, and N. A. Pogonkina 


We have recently [1] carried out the cyanoethylation of some organosilicon alcohols in which silicon was 
attached to the a- or y -cerbon, 


In the present investigation we have shown that, ‘ike amines that do not contain silicon [2], organosilicon 
amines in which silicon is attached to the a-carbon are also readily cyanoethy!ated: 


1) + CH, = CHCN—> 
R R 


When R was ethyl, reaction occurred readily in absence of catalysts with evolution of heat, When R was 
phenyl, cyanoethylation occured only in presence of acetic acid as catalyst, On the other hand, silylamines, in 


which silicon is attached directly to nitcogen, behaved like the silanols and reacted with difficulty after long 
heating with acrylonitrile (Scheme 2). 


14% 
2) (C,Hs)3SiNH + CH, = CHCN —— Hs 


H; 
4 
3) (CH;);SiCl + 2HNCH,CH,CN—— 


The formation of 3-[ethy](trimethylsilyl)amino)propionitrile by Scheme 2 was proved by a confirmatory 
synthesis by Scheme 3. 


Thee is only one reference in the literature to the synthesis of the salt of a silicon-containing quaternary 
ammonium base, namely. the product of the action of CHyl on (CHy)3SiCH,N(CHy), [3]. We have synthesized 
five new quatemary ammonium iodides (white crystalline powders, readily soluble in water), An attempt to 
prepare the same salts by the action of trialky 1-iodoalky]) silanes on tertiary amines did not succeed, even un- 
der severe conditions. For example, treatment of (C,Hs)s;N with ICH;,Si(CHs)s at 200° for ten hours gave an in- 
significant amount of a substance of m.p. 256° which did not contain silicon. Moreover, tertiary silylamines do 
not form silicon-containing quatemary ammonium salts with alkyl iodides, For example, when a mixture cf 
(C,Hs)3SiMC,Hs), and CHgI was allowed to stand for ten days, only a very small amount of brown precipitate 
formed, and this did not contain silicon. 


EXPERIMENTAL 


N-_ C,HsHNCH;Si(CHy), (1) 
N.N'-Bis ((trimethylsilyl)methylJethylamine ((GHsN (11) 


A mixture of 160 g of ethylamine and 150 g of (ckloromethyl)trimethylsilane [4] was heated in an auto- 
clave at about 150° for ten hours (with a break overnight), The contents of the autoclave were then treated with 
caustic soda of approximately 10% strength, and the organic layer was separated and dried with sodium sulfate, 
Distillation through a column having an efficiency of 15-20 theoretical plates gave 83.5 g (51%) of the amine 
(1), b.p. 121.2°(759 mm); njy 1.4155; d° 0.7594; found MR 43.33; calculated MR 43,18, 


Found H 13.16; 13.07; C 54.79; 54.91; Si 21.31; 21.52 
CgHyNSi. Calculated % H 13,05; C 44.89; Si 21.37; 


The distillation gave also 17.7 g (15.4%) of the amine (II), b.p. 194.5° (760 mm); nf) 1.4349; dj? 0.7914; 
found MR 71.68; calculated MR 71,50. 


Found %; H 12.45; 12.40; C 55.31; 55.15; $i 25.65; 25.88 
Calculated %; H 12.51; C 55.23; $i 25.80 


The organosilicon amines (III) and (IV) were prepared under similar conditions, 


N-[ (Trimet th iylsilyl)methyl)diethylamine (tl) 


A. A mixture of 91 g of diethylamine and 61.3 g of (chloromethyl)uimethylsilane was heated in an auto- 
clave at 150° for eight hours. The product isolated was 57.6 g (72.5%) of the amine (III), b.p. 148,2° (740 mm); 
ni} 1.4232; dj? 0.7€92; found MR 52.76; calculated MR 52.61. 


Found H 13.31; 13.44; C 60,55; 60.61; Si 17,59; 17.27 
CsH,\NSi. Calculated % H 13.28; C 60,30; Si 17.61 


B. A mixture of 46 g of diethylamine and 30 g of (chloromethyl)trimethylsilane was boiled for 31 hours 
(with breaks overnight}. The precipitate was filtered off, and 7.5 g (19%) of the amine (III) was obtained, Boil- 
ing of the filtrate for a further 53 hours gave a further 5.3 g of amine, the total yield being 32.4%, 


A mixture of 23.2 g of ethylamine and 20 g of (chloromethyl)dimethoxymethylsilane (b.p. 139.5°) was heated 

in an autoclave for four hours at 150°. The contents of the autoclave were filtered from the crystalline pociemet, 
which was washed with dry ether. Distillation gave 5.4 g (25.67%) of the amine (IV), b.p. 156.5° (750 mm); np 

1.4118; dj°0.9120; found MR 44.52; calculated MR 44.54, 


Found %: H 10.31; 10.41; C 44.16; 44.37; SiJ7.11; 16.86 
CgHgNO,Si, Calculated %; H 10,50; C 44,14; - 31.17.19 

}propionitrile NCCH,CH,NCH,Si(CHy)3 (V) 

To 3.7 g of acrylonitrile 9.2 g of the amine (I) was added. The temperature of the mixture rose to about 
40° and was kept at this level for about 15 minutes. The contents of the flask were then one at about 60° for 
12 hours, Vacuum distillation gave 10 g (77.4%) of the amino nitrile, b.p. 83.5°(3 mm); n Dl. 4466; di° 0.8612; 
found MR 57,14; calculated MR 57.07, 


Found % H 11,04; 10.95; © 58.66; 58.66; Si 15.42; 15.45 
CyHygNzSi. Calculated %; H 10,93; C 58.64 Si 15,22 


propionitrile (VI) 


A mixture of 3.2 g of glacil acetic acid, 10 g of aczylonitrile, and 20.6 g uf N-[(trimethylsilyl)methyl] ani- 
line [3] was heated at about - for 24 hours, Vacuum fractionation gave 18.3 g (68.6%) of the amino nitrile 
(VI), b.p. 199-201°(6 mm); nj} 1.5388; d%° 1.9886; found MR 73.60; calculated MR 72.01, 


Found %, H 8.67; 8.60; C 67.41; 67.40; Si 12.30; 11.82 
Calculated H 8.67; C 67.19; Si 12,07 


C2Hs 
(VII) 


A. A mixture of 10 g of aciylonitrile and i9.3 g of N,1,1,1-tetraethylsilylamine [5] was heated at 77-80° 
for 61 hours, Cietiinsion 10.7 8 of unchanged silylamine and 4 g (13.6%) of the amino nitrile (VII), b.p. 
262-265° (740 mm); nb 1.4575; dy 0.8914; found MR 64.82; calculated MR 65.18. 


B. Chlorotriethylsilane (65 g) was added to a stirred solution of 92.7 g of 3-ethylaminopropioniwile in 250 
ml of absolute ether. On the next day the precipitate was filtered off and the filtrate was span distilled twice, 


The product isolated was 36.5 g (40%) of the amino nitrile (VII) b.p. 265-266° (745 mm); n 1 1.4590; a 0.8923; 
found MR 65.11; calculated MR 65.18, 


Found H 11.51; 11.37; C 61.78; 61.70; Si 12.61; 12.48 
CisHygySi. Calculated % H 11,39; C 62.20; Si 13.21 


iodide CHs) 


“Methyl 10d; de (6 g) was added to a solution of 3.2 g of the amine (III) in 70 ml of absolute ether. After six 
days the precipitate formed was filtered off, washed with ether, and dried in a vacuum. The product was 6 g of 
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the substance (VIII), m.p. 118°, After three days a hss 0.2 g of the substance (VIII) came down from the 
filtrate, t.e. the yield attained 100%, 


Found %; C 36,09; 36,10; H 8.25; 8.25; Si 9,11; 9.47; 1 41.92; 42.06 
CyH,,SiNI. Calculated %; C 35.88; H 8.03; Si 9.31 I 42,13 


In a similar way the iodides of other silicon-containing quaternary ammonium bases were obtained (see 
table), The analyses of these compounds for C, H, Si, and I were quite satisfactory. 


TABLE 


Quatemary ammonium salt Starting substances M.p. (°C) | No. of days] Yield (%) 


(111) | 
H,)CH,CH,CNJI- (V). CHyI 190 53 92.5 
| i (se 85 
| 
N 
I~ (11) | 140-142, | 15 93.5 
las 96.5 
§ ‘ 


SUMMARY 
1, It is shown that it is possible to effect the cyanoethylation of organosilicon secondary amines, both 
those in which silicon is attached to the a-carbon and those in which silicon is attached directly to nitrogen, 


2, It is shown that there is a great difference in behavior between these two classes of organosilicon amines 
in their reactions with alkyl iodides and with acrylonitrile, 
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EFFECT OF THE STRUCTURAL FACTOR ON THE CATALYTIC DECOMPOSITION OF 
ALCOHOLS VARYING IN MOLECULAR WEIGHT 


A. M. Rubinshtein and N. A. Pribytkova 


In a previous investigation [1] in which a simple dehydrating catalyst, alumina, was used, it was observed 
that the decomposition of alcohols having molecules of different sizes proceeded at different rates over the same 
sample of catalyst, and this behavior was considered to be associated with the structural characteristics of the cat- 


alyst (dimensions of the elementary crystals and the diameters of the pores). We have investigated this phenomenon 
in greater detail for magnesia catalysts, 


The magnesia catalysts designated as I, Il, III, and IV were prepared from precipitated magnesium hydroxide 


obtained by the treatment of 10% magnesium nitrate solution with 10% ammonia at 0°, 20°, 60°, and 100°, respect- 
ively. Catalysts V and VI were prepared from the precipitates obtained at 20° from 1% and 50% magnesium nitrate 
soluticns, respectively. The precipitates of hydroxide were washed until reaction for nitrate was negative, conver- 
ted into tablets in the same press, dried at 110-120°, and calcined in air for six hours at 425-450°, The residual 
water was determined in all of the catalysts by the calcination of test samples (which were also tested for activity) 
at 1000° until constant weight was attained, The specific surface was determined by the adsorption cf iodine from 
carbon tetrachloride solution the procedure described by Zettlemoyer and Walker (2] being used. The liuear dir 


mensions of the crystals were established by X-ray analysis from the half-widths of the reflections from the (002), 
(022), and (222) planes, 


The catalytic activity of the samples was determined a ) from the rate of decomposition of absolute ethyl 
alcohol at 435°, 450°, and 465°, the space velocity being 2.7 liters per liter per hours, and b) - for Catalysts 
I, V, and VI —from the rates of decomposition of absolute ethyl, n-butyl, isopentyl, and n-octyl alcohols at 450°, 
the space velocity being maintained constant in one series of experiments (at 2,7) and being varied so.that the 
velocities were equimolecular in another series. The experiments were carried out in a continuous-flow system, 
and the weight of catalyst taken was constant. The catalyst was contained in a Vaskevich reactor [3] mounted 
in an electric block furnace, and the rate at which the alcohol was passed into the reactor was maintained con- 
stant by means of an automatic dispenser [4]. 


The liquid reaction products collected in a receiver to which a reflux condenser was attached, and the 
gaseous products were collected over saturated brine and analyzed for hydrogen and olefin contents (dehydrogena- 
tion and dehydration), The activity was expressed as milliliters of gaseous product (hydrogen + olefin) separating 
under the conditions of the experiment in unit time per gram of catalyst. The selectivity coefficient was expres- 
sed as a fraction, representing the contribution made by dehydrogenation to the overall result of the two reactions. 


X-Ray structure analysis showed that the samples under investigation consisted of magnesium oxide having 
a constant lattice, the variations from preparation to preparation being within the limits of experimental! error, 
The mean lirear dimensions of the crystals did not vary greatly among the samples (Table 1). Calcination at 
1000° generally resulted in an increase by a factor of 1.3-1.5 in the mean linear dimension of the crystals, Over 
the temperature range investigated, and also from sample to sample, the selectivity varied very little. The fact 
that catalysts calcined at 1000° had greater selectivity coefficients indicates that the removal of water from the 
catalysts altersthe ratioof the rates of dehydrogenation and dehydration in favor of dehydrogenation. The 50% 
reduction in the overall activity after calcination at 1000° is evidently the result of sintering and reduction in 
surface, which amounted to as much as 75-80% when constant weight was attained, 


Experiments with alcohols containing different numbers of carbon atoms in their molecules showed (Table 
2) that not only the activity, but also the selectivity, is dependent on the size of the alcohol molecule. Both at 
space velocities of 2.7 (Table 2, A) and at equimolecular rates (Table 2, 3), there is an appreciable variation in 
overall specific activity, which for equimolecular rates is particularly marked as we pass from ethyl alcohol to 
butyl alcohol; this may result from the differences in effective specific surface (1] between one alcohol and an- 
other: some of the pores, which are accessible to the small ethyl alcohol molecule, are excluded from the pro- 
cess when the larger molecules of butyl and higher alcohols are reacting. The change in the selectivity of the 
catalysts with increase in the size of the alcohol molecule cannot,- however, be explained by a change in the 


aS 


TABLE 1 


Catalyst Residual 
No. Water (%) 


Linear dimen- 
sion of MgO 
crystals (A 


Specific 
surface 
q.m/ 


Activity® Selectivity coefficient 


42.9 0.77 


19.0 0.74 
104(27) 66(103) 8-7) (0-86) 
52.3 0.77 
82.6 0.72 
3.25 132(29) 51(83) 107.6 Dio (9-83) 
42.8 0.75 
64.3 0.72 
9.50 131 57 0.72 
34.8 0.78 
61.7 0.77 
| ——(27.0) —— (0,84) 
Iv 2.95 132(33) 59 (83) 87.3 0.74 
30.3 0.76 
613 0.72 
——(31.6 ——+0.86) 
Vv 2.64 111(32) 59(70) 84.4 0.70 
| 23.2 0.76 
44.8 0.73 
—(31.7) (0.83) 
VI. | 2.04 i 63(36) 82(80) 80.6 0.75 


* At 435% 450°, and 465°, the results obtained at 450° being underlined, The results given in parentheses are 
for samples calcined at 1000°, 


TABLE 2 
st Ethyl alcohol Butyl alcohol Isopentyl alcohol Octyl alcohol 
Activity | Selectivity | Activity | Selectivi Activity | Selectivity] Activity.| Selectivity 
coefficient coefficient coefficient coefficient 


A. Space velocity 2.7 liters per liter per hour; 450° 


0.94 40.3 0.89 


I 79.0 0.74 57.2 0.87 40.3 
Vv 60.6 0.71 52.0 . 0.92 40.2 0.93 43.5 0.87 
Vi 42.8 _ 9.73 37.2 0.9 17.9 0.94 28.4 0.86 
B. Equimolecular rates (space velocities of 2,7, 4.6, 5.4, and 8,1 liters per liter per hour, respectively); 450° 
I 79.0 Mah, 27.3 0.96 26.9 0.95 27.0 0.93 
Vv 60.6 0.71 41.7 0.95 30.3 0.95 29.6 0.92 
VI 42.8 0.73 15.9 0.94 . | 15.6 0.94 


effective specific surface. Here the operating factor is a structural one: a screening of part of the active centers 
as the dimensions of the molecules being adsorbed are increased, According to the multiplet theory [5] it is 

one of the ways in which a “framed” radical affects a process. Since the adsorbed group CH,OH of the alcohol 
molecule is at a large angle to the catalyst surface in dehydrogenation, whereas the adsorbed group CH,—CH,OH 
is at a small angle in dehydration, the screening effect should show itself as a very much greater reduction in 
activity in dehydration reactions with increase in the size of the alcohol molecule, as compared with the re- 
duction in activity in dehydrogenation reactions. It is in fact found that, as we pass from ethyl alcohol to butyl- 
alcohol, dehydration activity is reduced 7-20 fold (Table 2,B), but hydrogenation activity only twofold. This 
results in an increase in the selectivity coefficient. If we take the doublet adsorption scheme [5] as the basis for 
our considerations and take the CC distance in alcohols to be 1.54 A with tetrahedral valency angles (6} it 
can be readily shown that the ethyl alcohol molecule should fit on a magnesium oxide surface (d =2.40 A) in 


| 
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_ the position required by the dehydration scheme with preservation of valency angles without screening of the 
surface and without overlapping (data for the calculations are given in [7}). For butyl alcohol however, and 
still more for higher alcohols, some screening of the suriace is inevitable, and the occurrence of such screening 
provides the explanation of the observed increase in the selectivity coefficient. 
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QUANTITATIVE DETERMINATION OF 2,5-PIPERAZINEDIONES IN THE PRODUCTS 
OF THE POLYCONDENSATION OF ESTERS OF a-AMINO ACIDS 


K. T. Poroshin, T. D. Kozarenko, and Yu. I, Khurgin 


It is known that the polycondensation of esters of a -amino acids goes in two directions; 1) the formation 
of linear polypeptides, and 2) the formation of cyclic dipeptides, i.e. 2,5-piperazinediones (diketopiperazines): 


(1) 
R~CI(NH,)— COOR,-—> (NH-CHR-CO), OR, 
(2) 
CHR 


NH 


O=C 


CHR 


No accessible and sufficiently accurate methods have 
been reported for the determination of cyclic and linear 
forms in the products of the polycondensation of esters 
a-amino acids. 


Determination of the cyclic forms by Gavrilov and 
Balabukha's ionophoresis method (1] gives satisfactory 
results, but is associated with great experimental dif- 
ficulties, Moreover, ionophoresis can be applied only 

to water-soluble polycondensation products. The method 
of sublimation (2, 3] from the mixture of piperazinediones 
30. 90 Minutes and polypeptides in a vacuum at high temperature (1u 3 
mm; 140-150") has an important defect in that part of 
the peptides undergo thermal degradation under these 
conditions with formation of a certain amount of piper- 
azinediones [2]. 


Amount of piperazinedione 
decomposed 


Fig. 1. Curve for the hydrolysis of 2,5- 
- Piperazinedione in 0.1 N NaOH at 40°; 
O)titration with copper; O)from the re- 
duction in amine nitrogen (van Slyke) 
When entering upon a study of the mechanism of the 
polycondensation of esters of a-amino acids, we were faced with the necessity of developing a simpler and 
sufficiently accurate method for the quantitative estimation of cyclic forms. We decided to examine a method 
based on the known action of alkali on piperazinediones, which are broken down with formation of dipeptides [4]. 


The absence of free amino acids among the substances formed in the earlier stages of the degradation of 
piperazinediones may be associated with nonequivalence of the peptide linkages in this compound. We studied 
the degradation of piperazinedione under various conditions of alkali concentration and temperature, and on the 
basis of this work we found the optimum conditions for complete degradation. The quantitative yield of dipep- 
tides in the polycondensation products was determined after destruction of the piperazinediones from the increase 
in amine nitrogen (van Slyke) and also from the amount of bound copper in the “biuret” dipeptide copper complex 
( max7610 my). One of us [5] has shown previously by the method of differential spectrophotometry that the 
formation of copper complexes in a polypeptide mixture occurs in a definite sequence. As copper is added, at 
first the complexes of tetrapeptides and still longer polypeptides are formed (A ,,,,=510-515 my). The com- 
plexes of the tripeptides (A ;)4x=580 my) are formed after the complexing of the longer peptides is complete, 
Finally, the blue dipeptide complexes are formed. An analogous sequence for the binding of copper by the 
glycine peptides was found by Dobbie and Kermack [6] on the basis of potentiometric and spectrophotometric 
data. On the basis of these considerations we developed a method of visual titration of the amount of dipep- 
tides bound to copper, The initial point of the titration was the point at which the formation of “red” (tetra- 
peptide) and “violet” (tripeptide) complexes ceased, and the end point was indicated by the formation of a 
very fine suspension of copper hydroxide. 


its 


For the deteymination of the content of piperazinediones, 
hydrolysis in 0,1 N NaOH at 40° for one hour was used, Under 
these conditions the piperazinediones were completely degraded 
to dipeptides, whereas the dipeptides were not affected, In 
one hour the hydrolysis of 2,5-piperazinedione was almost com~ 
plete (Fig. 1). The limiting amount of bound copper correspond- 
ed to 98% of the theoretical amount for the complete decomposi- 
tion of piperazinedione. Simultaneously, the extent of the hy- 
drolysis, under the same conditions, of 2,5-piperazinedione was 
determined by the increase in amine nitrogen, measured by the 
van Slyke method, The results of the two methods were in close 
accord, No free glycine, and no piperazinedione, could be de- 
tected in the hydrolyzate. Under the given conditions of alkaline 
hydrolysis (and also in the preseace of piperazinediones) diglycine, 
60-} my triglycine, and tetraglycine are stable and do not give rise to an 
Fig. 2 Absorption spectra of the copper increase in amine nitrogen. On the basis of these preliminary re~ 
complexes of polycondensation products sults we carried out the hydrolysis of the piperazinediones present 
obtained frem the ethyl ester of DL-alanine: in the polycondensation products obtained from the ethyl esters of 
1) at trans:tion point;2) after the completion glycine an¢ DL-alanine. In the titration of the polycondensation 


of complex formation, 3) absorption spectrum products ot tained froin the ethyl ester of glycine with 0.4N ——- 
of copper complexes formed after the transi- the interv fforn pountof transition: tothe blue color .tdt¢ompletion 


tion point, of complex formatic® corresponded to 10.4 + 0.2” piperazinedione. 


A parallel determination by the increase in amine nitrogen gave a piperazinedione content of 8.8%, Similar 
piperazinedione determinations on polycondensation products obtained from the ethyl ester of DL-alanine gave 62.8+ 
+ 0.2% by the copper method and 59.8% by the van Slyke method. The piperazinediore content of the polycondensa- 
tion products obtained from the ethyl ester of DL-alanine has been previously determined (7) by the ionophoretic 
method, which is posuble on account of the good solubility of these products, and a value of 68% was found, 


Distillation at 140° and 10-'mm gave a value of 70% for the content of piperazinedione. This value may be 
too high owing to the thermal degradation of linear polymers with formation of cyclic dimers. In ionophoresis, on 
the other hand, complete separation did not occur, since a part of the polymers did not pass to the cathode. 


In order to check the accuracy of the determination of the transition point in the copper titration, the absorp- 
ton spectra of copper “biuret” complexes were determined for the polycondensation products obtained from the ester 
of DL-alanine (Fig. 2). Curve 1 was determined at the “transition point", and the position of the maximum( A = 
=539 my) corresponds to the copper complexes of tetrapeptides and still higher polypeptides, The form of the curve 
at wavelengths of greater than 550 my indicates that a small amount of tripeptides may be present, The absorption 
spectrum of the copper complexes formed after the transition point (Curve 3), i.e. the differences in optical density 
measured after the completion of complex formation (Curve ¢, and at the transition point, corresponds tc the absurp- 
tion due to the copper complexes of dipeptides (A max=620 my). This confirms that in the titration with copper 
salt the transition point can be determined visually with sufficient accuracy. 


It must be pointed out that the titration of dipeptides with a copper sat is difficult when an appreciable amount 
of wipeptides is present, because the colors given by di-and tri- peptides are visually similar. However, this difficulty 
can be removed by the use of spectrophotometric titration. 


SUMMARY | 


1. A new method is proposed for the quantitative determination of piperazinediones in presence of peptides 
from the amount of dipeptides formed by alkaline hydrolysis. Titration with a copper salt and measure.nent of the 
increase in amine nitrogen give agreeing results. 


2. The piperazinedione contents of the polycondensation products obtained from the ethyi ester of glycine and 
from the ethyl ester of DL-alanine are determined, the values obtained being 10% and 61%, respectively. 
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CURRENT EVENTS 


GENERAL MEETING OF THE DIVISION OF CHEMICAL SCIENCES OF THE ACADEMY 
OF SCIENCES OF THE USSR 


At a session of a general meeting of the Division of Chemical Sciences of the Academy of Sciences of the 
USSR. which was held under the chairmanship of Academician M. M. Dubinin on March 30 and 31, 1955, papers 
were read by Academician A. A. Balandin on “The Present State of the Catalysis Problem and the Theoretical 

Basis of the Search for Catalysts” *, by Corr. Memb. Acad. Sci. USSR A. D. Petrov on * The Synthesis of Branched 


Aliphatic Hydrocarbons via 2-Alkenyl Halides” **, and by Corr. Memb. Acad, Sci, USSR A. P. Terentyev on "A 
New Nomenclature for Condensed Organic Systems”. 


Opening the discussion on the first paper, Academician M. M. Dubinin emphasized the need to consider the 


possible directions that future theoretical and experimental investigations may take and to indicate which of these 
it is most desirable to follow. 


In the further discussion on this paper, Ya, T. Eidus, Doc, Chem, Sci, (Institute of Organic Ciemistry of the 
USSR Academy of Sciences), pointed out the relationship existing between the practical problem of the rational, 
scientific selection of catalysts and the level reach~. by the theory of catalysis. Eidus considers that, owing to its 
sound and wide physicochemical basis, the multiplet theory forms a unifying center in which the concepts at the 
basis of other theories of heterogeneous catalysis are reflected in some degree or other. Thus an example of the 
relationship between the multiplet theory, the supersaturation theory, and Taylor's nonuniform-surface theory is 
revealed when we consider the effect of the micro-roughness of a catalyst surface on its activity. 


The theory of active assemblages, which identifies the active sites of the catalyst with an amorphous phase, 


ascribes the activity to a group of atoms-— the active assemblage — whicii comesponds in some meéasure to a multip- 
let. 


The relationship between the multiplet theory and the intermediate-compound theory finds expression in the 
nature of the intermediate multiplet complex, in which the basic idea of the intermediate-compound theory is 
contained, As regards Polanyi's theory, which a, eared shortly after the multiplet theory, it is extremely close to 


the latter and is identical with it in its basic ideas. The multiplet cheory is closely related also with the theory of 
activated adsorption. 
Of particular importance is the establishment of a relationship between the multiplet theory ard the theory 
These relationships between various theories and the multiplet theory, the alpha and omega of which is the 


of the transition state. The common feature, fundamental for this relationship, is the assumption of the existence 
of intermediate states, descrided as multiplet or activated complexes; the mode}s representing these are oftea 
identical, as in both cases configurations formed by two or more atoms of the catalyst are active. 

concept of geometric and energetic correspondence between the reacting species and the catalyst, create, accord- 
ing to A. A. Balandin, the possibility of unifying most of the existing theories into a single one — continued Ya. 
T. Eidus — and the various views will find their definite places in it. In fact, the specificity of the individual 
theories arises from the fact that they make different approaches to the same phenomenon, so that they can sup- 


plement one another. However, difficulties arise in the unification of theories when the specificity results from 
the fact that the given theory specializes on phenomena from different fields of catalysis, 


Ya. T. Eidus considered some forms of catalysis that occupy an intermediate place between heterogeneous 
and homogeneous catalysis. Some of these forms of catalysis are well known, for example the hetero-homogeneous 
reactions such as that of Folyakov, Semenov, and Kovalsky, in which the active center, which is formed at the 
surface, may be thrown out into the space, where it may initiate a homogeneous reaction; another example is 


* A. A. Balandin’s paper is to be found on p. 557 of this translation. ; ; 
** A, D. Petrov's paper is to be found on p. 571 of this translation, 


afforded by the homogeneous reactions occurring in liquid films on the surface of a heterogeneous catalyst (Semenov, 
Chirkov, and Geldansky). 


Ya. T. Eidus stated that he had recently turned his attention to a catalytic phenomenon in which one of the 
main requirements of the multiplet theory — the activation of all of the original reactio components by the catalyst — 
was iiot met, activation by the catalyst surface being confined, for example, to only one of two components, This 
interesting phenomenon was observed in the iso-synthesis reaction and consisted in the hydrogenation of carbon 
monoxide with hydrogen over catalysts that were unable to activate hydrogen for example the classical dehydra- 
tion catalysts, such as alumina and thoria. As the result of such “semicontact” hydrogenation at high temperatures 
and pressures, branched hydrocarbons are formed, In Eidus's opinion, a reaction mechanism of this sort is unique and 
Joes not correspond to true heterogeneous catalysis; it can be regarded as a special case of heterogeneous catalysis 
in the sense that in its mechanics rest is not regarded as the opposite of movement, but as a special case of movement 


characterized by zero velocity. This semicontact mechanism is a special case of a multiplet reaction in which the 
adsorptions are zero. 


Ya. T. Eidus expressed the hope that the theory would reveal the characteristics of sich examples of semi- 
contact catalysis, since this may be of significance in the development of the principles underlying the scientific 
selection of catalysts. A theoretical examination of reactions proceeded by a semicontact mechanism indicates 
that they shculd be characterized by activation energies higher than those to be expected if tue contact catalysis 
occured. The sime conclusion was reached also by Eyring. 


In conclusion, Ya. T. Eidus pointed out that great progress had been made recently in the prediction of the 
selectivity of a given catalyst in the reactions of functional groups, but the finer points — promoting and activation, 
sensitivity to slight changes in the method of preparing catalysts, and others — have not yet found their rightful 
places in the theory of the scientific selection of catalysts. 


In joining the discussion. M. I. Temkin (L. Ya. Karpov Physicochemical Institute) remarked that A. A. Balandin 
was the first to raise, in its general form, the question of the so-called energetic correspondence in catalysis, i.e. 
the question of how it is possible to select a catalyst for a given reaction on the basis of the values of the energies © 
of the bonds formed by atorns with the catalyst, This is undoubtedly a very interesting question, for although data 
on bond energies are at present inadequate, they may be obtained in the future, and if it should be possible to select 
catalysts on the basis of these data, work on catalysis would be greatly assisted, 


Ata first glance it would appear — continued M, I. Temkin — that it would be impossible to do this, because 
reaction rates cannot be expressed unequivocally by quantities of a thermodynamical nature, such as bone energies. 
It is known. however, that there ‘s a definite type of correspondence between kinetic and energetic quantities, an 


example of which is provided by the well known relationships in the field of acid catalysis, In principle, this justi- 
fies the posing of this question. 


in addition to kinetic methods of determining the energies of bonds between atoms and the surface, it is 
possible to find methods that are more direct. In the Chemical Kinetics Laboratory of the Karpov Institute the 
stucy of chemical equilibria has been recently applied for this purpose, the participants in these equilibria being 
gaseous components, on the one hand, and surface compouads, on the other. 


The equilibrium data — stated M, I. Temkin — enable the bord energies to be determined for the surface 
compounds. N. V, Kulkova has investigated the energies of the bonds formed by oxygen with the surfaces of 


various kinds of oxidative catalysts. The results of such measure.nents can be used for the experimental elucidation 
of the problem of energetic cormespondence. 


From the theoretical point of view it is possible to approach this problem in a way that is somewhat different 
from that adopted in A. A. Balandin's work, that is to say we can examine in a fairly general way the problem of a 
heterogeneous catalytic process composed of two stages (in general, apparently, every catalytic process must con- 
sist of scages, so that two is the least possible number). If we write down the equation for the rate of the process 
that corresponds to stationary-state conditions, and then, in determining the rate constants for each stage, assume 
the same relationship between kinetic and thermodynamical characteristics as that found for acid catalysis, we 
may solve the question, in its general form, of which catalyst will give the maximum reaction rate. M. I. Temkin 
has carried out such a treatment on the assumption that the change in activation energy from one catalyst to an- 
other is one-half of the change in the bond energy in the intermediate surface compound (this is in accord with 
the results that he obtained in experimental studies of the synthesis of ammonia and other reactions). It is then 
found that maximum reaction rate is attained when one-half of the surface is covered with the intermediate com- 
pound. Temkin distinguishes two cases, In the first, one stage attains equilibrium before the reaction as a whole 
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does, This occurs, for example, in the synthesis of ammonia. The required half coverage can then be expressed 


in terms of the thermodynamical characteristics of the equilibrium stage. In this way the problem is completely 
solved, 


In the second case, which corresponds to that examined by A. A. Balandin, the reaction occurs under con- 


ditions far removed from equilibrium By the approach that we have made it is now impossible to express, in a 
general form, the conditions for half coverage in terms of bond energies, This can be done, however, if it is 
assumed that the relationship between equilibrium and rate constants is valid not only for each stage separately, 

but also for the two stages in association. This assumption is rational :.hen the first and second stages are analogous 
processes, as occurs, for example, in the doublet scheme applied by A. A. Balandin, Such reactions can be termed 
symmetrical, The most symmetrical reactions in this sense are isotope-exchange reactions. For the case con- 
sidered by Balandin the same result is obtained by this smethod as that obtained by him with the aid of volcanolike 


curves; it is found that the sum of the energies of the bonds formed with the surface should be equal to one-half 
of the sum of the energies of the bonds that were broken and of the bonds that are formed. 


cases; reactions in the vicinity of equilibrium, and symmetrical reactions, 


In entering the discussion cn the paper, Corr. Memb. Acad, Sci. USSR S. Z. Roginsky pointed out that ‘1is 
concentration ot effort on working out the scientif-: principles of te selection of catalysts was very timely, but 
rapid progress must not be expected, for the proble m is a very diff cult one which has not been even partially 
solved, neither here nor abroad. At the same time, the theory of the selection of catalysts has given rise to some 
interesting concepts, and the experimental material that has been accumulated gives us reason to hope for success 
if we make a serious collective effort over a long period. In his paper A. A. Balandin correctly emphasized — 
stated S. Z. Roginsky — that the model concepts of his selection theory and the equations to which they give rise, 
although they apply to an extensive range of reactions, are not by any means universal aad must be applied to 
definite types of reactions. Roginsky pointed out further that in his own investigations it had been shown that some 
markedly different types of catalysis mechanism existed. This fact must be taken into account in the develop- 
ment of a selection theory, since the laws are different for different types. For heterogeneous catalysis it has been 
shown that there are a few basic kinds of activation effect produced by the catalyst on the reaction. In organic 
catalysis one of the most common of these is ccid-base activation. A solid catalyst very often acts as a solid acid 
and base by the same mechanism of proton transfer as that found in liquid acids and bases (and also, much more 


rarely, in aprotonic acids), The use of solid surfaces as acid-base catalysts introduces some essentially new fea- 
tures, 


In conclusion. M. I. Tamkin said that, although it is impossible to select the optimum catalyst on the basis 
__ of bond energies in the general case, it can be done (if the above assumptions are valid) in two important special 


On the surface there may exist simultaneously, and as immediate neighbors, sites having acidic and basic 
properties, S. Z. Roginsky pointed out that acids and bases may be obtained which surpass in strength the strong- 
est acids and bases met in homogeneous media, that centers differing in acidity and basicity may be found on the 
surface and different geometric dispositions of these centers may occur, and that both the arrang<ment of the 


centers aid their acid and basis properties may vary over a wide range for different catalysts, iz: presence of various 
additives, and for different methods of preparing the catalyst. 


Catalysts act ~ ct nued S, Z. Roginsky — by a second type of mechanism based on eleciron transitions, 
which .s just as common, but has no exact analogs in homogeneous catalysis, Whereas in acid-base catalysis 
the catalyst generally initiates the process by removing a proton from a substrate molecule ci transferring a pro- 
ton tc it, in oxidation-reduction or electronic catalysis the typical initiating act of acuvation is the transfer of 


an electron to the substrate or the drawing of an electron from the substrate into the solid. Other types of catalytic 
action also exist. 


In Roginsky’s opinion it is very important to disiinguish clearly the most common fundamental types of pri- 
znary process of substrate activation by the catalyst, establish definite gradations and sequences among these with 


respect to the forces of interaction between the catalyst and the substrate, and then control this interaction in or- 
der to obtain the desired effect. 


In the field of selection theory — said S. Z. Roginsky — we are already in a position to predict which catalysts 
will be active for the acceleratior of processes of low specificity. But an extremely difficult and important pro- 
blem remains — a rational approach to the selection of specific catalysts. A. A. Balandin s paper shows that a suc- 
cessful approach to the solution of this problem can be made on the basis of the theory of multiplets, The applica- 
tion of electronic concepts hold out great promise in this field. An important part should be played in the discovery 


699 


of the laws of selection by the periodic system of clements, for, in particulat, the acid-base and electronic proper- 
ties of substances, of which we have already spoken, i.e. the power of acting as acceptors and donors of protons 
and electrons, vary with changes in the elementary composition of the compounds. Bastc properties become more 
pronounced as the atomic weight is increased and as we move from right to left in Mendeleev's periocic table; 
acidic properties be 1ave similarly as we move from left to right. For a g‘ven element basic character increases 

as the valency falls. In the electronic properties a determining part is played by the pretnce of unoccupied places 
in the d electron shells and the number of such places. The first simple zelationships for the effect of the com- 
bination of elements on their electronic properties, etc., have been found. S, Z. Roginsky considers that, if our 
approach to the periodic system is sufficiently profound and we make investigations under comparable conditions, 
the system will provide very rich and valuable material in this field, the obtaining of which is of special import- 
ance in that a large number of “blank places” remain in the periodic system with respect to the study wi the cataly- 
tic properties of the elements and their compounds, 


It is necessary also to take into account the possibility of exerting an extremely close control over the cataly- 
tic properties of a solid by making small additions of a definite type. 


As an example, Roginsky cited the semiconductor catalyst, nickelous oxide. If 0.05-0.1% of lithium oxide 
is inuoduced into the nickelous oxide lattice (it goes into solid solution), the catalytic properties are greatly chang- 
ed; in particular, the activation energy changes. The introduction of lithium increases the number of electron 
holes in the latuce, and this had a detrimental effect on the catalytic properties, On the other hand, the introduc- 
tion of large amourts of magnesium oxide into the lattice, where it forms a solid solution, has almost no effect on 
the activity; here the cation has the same charge as Ni*+ and is not able tc change its charge. According to the 
literature, the introduction of small amounts of iron, indium, chromium, and some other tervalent elements great- 
ly affects the conductivity, and also greatly alters the catalytic functions, their effects being in the opposite direc- 
tion to that of lithium, The activity can therefore be controlled within wide limits in a rational fashion. 


When a solid acts as a catalyst of the acid-base type, activation can be effected by other additions which 
in combination with the catalyst give acids or bases of enhanced strength. 


We stand — stated S. Z. Roginsky — at the very beginning of a great collective task — the search for scientific 
principles that can form the basis of the selection of catalysts. Important scientific forces have been mobilized 
for the solution of this problem and the creative efforts of a number of scientific teams have been concentrated on 
it, and this action must be regarded as correct and rational. There is reason to hcpe that in a few years there will 
de a substantial iacrease in the amount of reliable experimental material, accompanied by the discovery of new 
catalysts and corsiderable progress in work on the search for the scientific principles of the selection of catalysts. 


G. K. Boreskov, Doc. Chem. Sci. (Karpov Physicochemical Institute), pointed out that with respect toa 
limited number of reactions the solution of the problem would greatly contribute tc the progress of the chemical 
industry. This problem was an exuemely difficult one, however, and the gap between the requirements of practice 
aud the possibilities of theory were very great indeed, 


For cases in which the reacting substances and the catalyst form a single active complex, A. A. Balandin has 
shown by his multiplet theory that by evaluating the energy of formation of this complex and considering its further 
transformations we may predict the activation energy for the chemical reaction in presence of the given catalyst. 


It should be noted, however stated G, K. Boreskov — that quantitative calculations, even approximate ones, 
come up against considerable difficulties. The least reliable calculation is that of the energies of the bonds formed 
by individual atoms of the reacti.nts with the catalyst. It is difficult to understand how it is possible to evaluate 
these bond energies from energies of formation of the corresponding compounds in a phase. 


If Ihave understood A, A, Balandin correctly — said G, K. Boreskov — then in the table in which data are 
given for various catalysts the energies of the bonds formed with the catalysts weze calculated from the experiment- 
ally determined activation energies for the dehydrogenation of hydrocarpons and the dehydration and dehydrogena- 
tion of alcohols. Though it may be possible to understand that for the dehydrogenation of hydrocarbons we may 
determine the energy of the bond formed by hydrogen with the catalyst, it is very difficult to imagine how the 
energy of the bond formed by oxygen with the catalyst can be determined for the dehydration of an alcohol. In 
Boreskov's opiaion, this last quantity has no direct bearing on the dehydration reaction, and the approximatiors 
that have to be made in the proposed sche me of calculation make it difficult to apply it in the solution of practi- 
cal problems associated with the selection of catalysts, Results of greater reliability can be expected from the 
a reagan of the theory to the estimation of the relative rates of various reactions over a given catalyst, as given 
in the paper. 


| 
| 


_G, K, Boreskov discussed briefly the aspects of the problem (the scientific principles of the selection of 
catalysts) that were being examined in the Technical Catalysis Laboratory of the Karpov Institute on the basis 
of the view that the action of solid catalysts is determined by intermediate surface chemical interaction between. 
the reactants and the catalyst, 


Previous work by G, K, Boreskov has shown that the activity per unit area of catalyst (specific catalytic 
activity) for various metal and oxide catalysts is approximately constant. 


Henc e, the main factor determining specific catalytic activity is the chemical composition, This fact 
determines the problems which, in Boreskov’s opinion, will have to be solved in order to create a theory of 
catalyst selection, 


The first, immediate problem is the discovery of the general laws relating specific catalytic activity with 
the chemical composition of the catalyst and, as S, Z. Roginsky had pointed out, the search for these laws is 
best cartied out with the aid of Mendeleev's periodic law, which provides the most complete generalization of 
chemical properties. 


Working in this direction, G. K. Boreskov has obtained some results on the specific catalytic activity of 
metals in oxidation, hydrogenation, isotope-exchange, and other reactio.s. It was found that, for reactions in 
which the activation of hydrogen occuned, the specific catalytic activit-:s of metals in given periods of 
Mendeleev's system increased at first, attained a maximum when the d one was almost filled with electrons, 
i.e. for Ni, Pd, and Pt, and then fell sharply to the succeeding metals ct “{roup 1 B. On the other hand, for the 
synthesis of ammonia, which is assoctated with the activation of molecular nitrogen, maximum specific activity 
was found for Fe, Ru, and Os, i.e. comesponded to the greatest deficiency of electrons in the d zone. Within 
individual groups, the specific catalytic activity increased with inczease in atomic number, 


Relationships of this sort are of definite interest for the selection of catalysts, and they are bound to cover 
various classes of chemical compounds (oxides, sulfides, nitrides, etc.). Great possibilities are opened by the 
investigation of alloys the use of which permits finer control over electron structure, 


Secondly, we must try to discover the Jaws of the formation of intermediate surface compounds between 
the reacting substances and the catalyst anc must study the properties of these compounds, In Boreskov's opinion, 
much may be attained in this direction by the use of labeled atoms, since they enable the reactivity of the sur- 
face compound to be determined without affecting the compositicn of the catalyst under investigation. 


The third direction of work is concetned with the selection of catalysts for complex reactions occurring 
in prescnce Of multicomponent catalysts, In th'> case individual stages may be effected on different parts of 
the catalyst, and the way in which these are combined in the catalyst and the ratios of their surfaces may affect 
the selectivity of the process within wide limit. 


Apart from these questions — continued G, K. Boreskov — we must pay great attention to matters relating 
to the creation of a definite internal surface and poro.s sructure within the catalyst. There can be no doubt that 
adequate development of the theories underlying the search for and the selection of catalysts can be brought 
about only by approaching the pioblem from every side and examining it from different points of view. It is 
quite right, therefore, that in the attack on this problem we should bring to bear the efforts of a wide circle of 
investigators who are themselves deve!oping various theoretical concepts in the field of catalysis. However, the 
unification of the efforts of various schools of thought must proceed not with an accompanying happy coexistence 
of various theories, but to the accompaniment of a conflict of opinions. Only in this way can a sound general 
theory be created and our task completed, 


V. V, Voevodsky, Doc. Chem. Sci. (Institute of Chemical Physics of the USSR Academy of Sciences), dis- 
cussed investigations directed to the development of the chain theory of heterogeneous catalysis, The basis 
of this theory is the assumption that in most cases rapid surface reactions are brought about by the aid of geo- 
metrically localized active intermediate compounds, the furdamental property of which is their ability to react 
very quickly with low activation energy with molecules of the original substances, 


The concept of the existence of free radicals on the surface of heterogeneous catalysts cannot be regarded 
as original, it has existed in the literature for several decades. The new feature in the theory developed by 
V. V. Voevodsky was the assumption of the possibility of the formation of surface chains, i.e. the possibility of 
a process in which, as a result of the indestructibility of the free valency in the reaction of a radical with a 
molecule, each act of reaction leads to the regeneration of the free tadical, so that after the first act, in which 


a free radical is produced, a large number of further acts may be brought about, resulting in a chain of elemen- 
tary acts and its propagation, 
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The application of chain concepts in heterogeneous catalysis is of interest, in Voevodsxy's opinion, mainly 
because it opens up wide possibilities for the use of the theoretical ideas and methods of investigation created and 
developed in the course of the evolution of the chain theory of homogeneous reactions, for the study of the mech- 
anisms of heterozeneous mrocesses and for the discovery of methods of controlling these processes, 


What inferences can already be drawn concerning the mechanism of catalysis: from the general 
postulates of th: chain theory? The most interesting is the conclusion that a catalyst 


has two functions. If the heterogeneous process has a chain character, then <s in any other chain process, in an 


analysis of its course we must take into account the factors having a substantial effect on the initiation and break- 
ing of chains on the one hand, and on processes of chain propagation, on the other, 


Just as in homogeneous chain reactions, the acts of initiation and breaking of chains determine the concentra~ 
tion of radicals, ie. the rate of the process, but chain-propagation reactions determine the identity of the products, 
i.e. the direction of the process. 


In heterogeneous catalysis it is, of course, to be expected that the rates of all these elementary stages will 
depend very greatly on the properties of the catalyst. 


tence, in the chain theory, matters relating to the rate and the direction (selectivity) of the catalytic pro~ 
cess are clearly separated from one another, and the possibility arises of controlling the processes in these respects, 
taken separately In fact — said V. V. Voevodsky — if we have two catalysts, and on one of these chains are readily 
initiated but the propagation of the chains goes with great difficulty whereas on the other cliain: propagation react- 
ions are rapid but inituation occurs with difficulty, then the improvement of the catalytic properties of these two 
catalysts must be effected by quite different methods. iu the first case, additions must be made which will en- 
courage reaction between surface radicals and molecules, and in the second, some way must be found to facilitate 
the reactions in which radicals are formed, i.e. the dissociation reactions of the original molecules at the surface. 


These general postulates must be made to serve as the basis of experimental investigations, in the course of 
which it is our intention 'o verify the possibility of applying chain concepts in heterogeneous catalysis, 


The main ways in which this theory can be experimentally verified, as proposed in a very general form in 
papers by N. N. Semenov, F. F. Volkenshtein. and V. V. Voevodsky, can be formed inio a plan which falls into 
three parts: 


1. Determination of the structures and properties of the active intermediate compouids, local active centers, 
or, as they have been called, surface radicals, The solution of this problem lies mainly in the application of modern 
physical methods of investigation. 


2. Determination of the chain length. The experiments must consist in the measuremert cf the number of 


mo'ecules of products formed for each originally created surface radical, i.e. in the measurement of a peculiar 
“catalytic” or “radical” yield. If such experiments lead to an unequivocal result, then the occurrence of chain 
reactions on solid surfaces can be regarded as proved and the question will arise of the extent to which such pro- 
cesses occur. 


3. The performance of large number of detailed investigations into the kinetics of-various heterogeneous 
processes, The results in themselves will not be ible to provide unequivocal indications of the mechanism of the 
process, but. in Voevodsky’s opinion, in combination with data obtained by the first two methods they may be ex- 
tremely valuable for the understanding of the nature of the process and for the development of rational methods 
of controlling it 


In a short address, Academician A, N. Terenin considered matters relating to the investigation of the mole- 
cular structures of catalysts, in particular the use for this purpose of modem methods of infrared spectroscopy, para- 
Magnetic resonance, etc. 


Summarizing the discussion on Academician A. A. Balandin’s paper, the chairman, Academician M, M, Dubinin. 
pointed out the necessity of planning future theoretical and experimental investigations on the catalysis problem, 
and he called for united efforts by the various schools with the object of solving this problem, The Scientific Council 
on the Catalysis Problem, which has been instituted by the Division of Chemical Sciences of the USSR Academy of 


_ Sciences and which includes scientists of the Academy of Sciences, industrial institutes, and higher teaching estab- 


lishments, was called upon to play a dominant part in this matter and to bring about the very necessary coordina- 
tion of all the investiga*ions being carried out in this field. 
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Various aspects cf the interesting work reported in a paper by Corr, Memb, Acad, Sci. USSR A, D. Petrov 
at the general meeting of the Division were discussed by Corr. Memb. Acad. Sci. USSR A. P, Terentyev, Prof. 
P.G. Sergeev, A Academician M, M. Dubinin, Prof. K. I. Ivanov, and others. 


The paper by Corr. Memb. Acad. Sci, USSR A. P. Terentyev was discussed by Prof, P. G, Sergeev, Acau. 
I, L, Knunyants, Corr, Memb, Acad, Sci. USSR D. N. Kursanov, and others, In concluding the discussion, Acad- 
emician M. M. Dubinin pointed out the value of the new system of nomenclature worked out by Corr, Memb. 
A. P. Terentyev and his coworkers, and he stated that in its relation to the coming discussion of problems of 
cheinical nomenclature at the Fourteenth Congress of the International Union of Pure and Applied Chemistry 
in Zurich the work carried cut in chis direction in the Soviet Union would acquire even greater significance. 
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